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ABSTRACT:

Gene Transfer Agents (GTAs) are phage-like particles that are produced
by many alpha proteobacteria in late stationary growth phase and are capable of
transferring chromosomal genes (termed “constitutive transduction”).
Examination of alpha proteobacterial genomic sequences indicated widespread
occurrence of GTA-like elements. The goal of this study was to investigate gene
transfer potential of GTAs of marine alpha proteobacteria in culture as well as in
natural marine environments. Another goal was to determine the potential of
bacterial symbionts from zooxanthellae and coral to genetically transfer beneficial
properties between symbionts. Ruegeria mobilis (ID 45A6) was isolated from
cultures of the coral endosymbiotic dinoflagellate, Symbiodinium spp. A goal of
the research was to determine if GTAs from this isolate have the capability of
transferring genes to environmental recipients and have an impact on settlement
of coral larvae. Little is known about coral settlement cues, yet there may be
contributions from the extensive symbiotic relationship of coral reef-associated
bacteria. Several gene transfer experiments in different environments were
performed using transformed isolates of Ruegeria mobilis containing a
transposon marker gene. Experiments were also performed using GTAs from
the Ruegeria mobilis isolate to observe any impact GTAs have on coral larval
vii

settlement, using larvae from the brooding coral, Porites astreoides, and from the
reef building coral, Montastraea faveolata. Gene transfer frequencies from
statistically significant gene transfer experiments resulted in an average of 2.92 ×
10-1 (transfer recipients to total viable population). Coral settlement experiments
resulted in a statistically significant increase in larval settlement with the addition
of GTAs for 80% of the executed experiments. The entire study has
demonstrated that GTA-mediated gene exchange is much higher than any other
mode of horizontal gene transfer and it has been established that these genes
can be exchanged between bacterial taxa. GTAs can also have an impact on
coral larval settlement mechanisms that are not yet completely understood.
GTA-mediated beneficial gene exchange may be an important driver in
adaptation to an evolving planet.

viii

INTRODUCTION:
I. Importance of Microbes
The oceans of the world contain a very high level of microbial diversity and
abundance, with estimates as high as 1.1 × 1029 microbial cells [1,2]. Microbes
play an important role in nutrient cycling in the oceans. Up to 70% of the living
carbon in the photic zone is attributed to heterotrophic bacteria [3]. When
photosynthetic bacteria are also accounted for, microbes contribute over 90% of
the total biological carbon in the oceans [4]. Azam et al. [5] along with Larry
Pomeroy et al.[6,7] developed the concept of the “Microbial Loop”, where
necessary carbon and mineral nutrient flows in the oceans are sustained and
cycled by essential microorganisms.
II. Horizontal Gene Transfer
Horizontal gene transfer, or transfer of genes between bacteria without
reproduction, can explain at least some of the microbial diversity in the oceans,
yet experimental measurements of microbial gene transfer to date have been low
(e.g. 10-8 to 10-9 transferrants/recipient) [8,9]. Despite the low frequencies, these
repeated transfers throughout different microbial communities may be major
drivers in microbial evolution [10,11].
1

Viruses in the oceans primarily consist of bacteriophages, also called
phages. These are viruses that infect bacteria. Indeed, bacteriophages are the
most abundant biological entities in any ocean environment [12,13]. When
phage genomes are inserted into a host’s chromosome, they are called
integrated phages or prophages [14]. These prophages are from temperate
phages, and can exist in a lysogenic state, repressing their lytic genes and
having their genome replicated during host genome replication [15]. Prophages
are released as temperate phages during the lytic cycle (bursting the host cell)
up prophage induction. Phages contribute to interstrain variability and their DNA
mold bacterial population structure [16,17,18]. When analyzing bacterial genome
sequences, integrated phages can constitute as much as 10-20% of the
sequences, demonstrating that viruses play a significant role in bacterial
evolution [19,20,21].
III. Gene Transfer Mechanisms
There are three established mechanisms of prokaryotic gene transfer, or
horizontal gene transfer (HGT): transformation, conjugation, and transduction.
Transformation is the uptake and expression of genes from extracellular (also
termed naked) DNA, and was the first prokaryotic gene transfer mechanism to be
discovered [22,23]. Transformation is mediated by chromosomal genes, but not
all microbes are naturally transformable [24]. Experiments conducted
transferring purified plasmid DNA to natural microbial communities through
transformation gave evidence of rearrangement and alteration of the DNA by
recipient cells [10,25]. There have been several examples of transformation
2

displayed both in situ and in vitro: the transfer of mercury resistant plasmids in
river water to natural microbial communities with the highest in situ frequency of
1.04 × 10-2 [26], transfer of antibiotic resistant plasmid multimers to indigenous
marine bacteria with frequencies ranging from 1.13 ×10-9 to 3.6 × 10-6 [8], and
antibiotic resistant multimers to a Vibrio strain in water column microcosms, with
frequencies ranging from 1.7 × 10-6 to 2.7 × 10-10 transformants per recipient [27].
Conjugation is a plasmid encoded gene transfer mechanism that relies on
direct cell-to cell contact. Conjugation with exchange of antibiotic resistant
plasmids has been shown to be the primary cause for the spread of antibiotic
resistance throughout different environments [28,29].
Utilizing plasmids with selective markers is a useful tool for verifying gene
transfer to an indigenous population. For example, Dahlberg and colleagues
observed the transfer of the green fluorescent protein gene (gfp) to the native
marine microbiota with frequencies ranging from 2.0 × 10-5 to 1.4 × 10-4 [30].
This gene is contained in the conjugative plasmid pBF1 in Pseudomonas putida
[30]. Other examples of conjugation in the environment include the transfer of
mercury resistant plasmids to recipients in bulk water, biofilms, and the air-water
interface with frequencies ranging from 5.0 × 10-10 to 2.6 × 10-8
transconjugants/donor [31]. The transfer of a tetracycline resistant plasmid from
the fish pathogen Aeromonas salmonicida to bacteria in marine sediments
occurred with a high frequency of 3.4 × 10-1 transconjugants per recipient [32].

3

Transduction is the process by which a virus transfers DNA from one host
cell to another and can occur in two ways [33]. Generalized transduction is when
any unspecific fragments of hosts’ DNA are transferred and specialized
transduction occurs when only host genes directly upstream and downstream of
the insertion site are transferred. Transduction has been shown to be an
important mechanism of horizontal gene transfer in the ocean due to high
abundances of viruses in the marine environment as well as a high prevalence of
lysogeny [34]. Experiments by Jiang and Paul documented gene transfer by
transduction to the indigenous marine bacterial community by ϕHSIC from its
host Listonella pelagia with frequencies ranging from 1.58 × 10-8 to 3.7 × 10-8
transductants per plaque forming unit [9]. Additionally, by using genes of known
sequence from the transposon Tn5, rearrangement or recombination of the
plasmid DNA by the recipients was confirmed [10].
Moreover, work by Chiura et al. and Wichels et al. [35,36,37] contributed
significant observations about transduction, transducing auxotrophic strains into
prototrophic strains and showing that some phages can have a broad host range
with transducing DNA in diverse environments.

.

In addition to the three generally accepted methods of microbial gene
transfer, gene transfer by gene transfer agents (GTAs) is a mechanism of DNA
transfer that has recently been shown to be environmentally significant. GTAs
are a host-mediated mode of transfer that has only been sparsely studied and is
poorly understood. Gene transfer by GTAs is a unique new paradigm that could
potentially be highly prevalent in the environment. Viral metagenomic data may
4

provide initial indications of GTAs in natural viral assemblages. Bacterial genes
have been commonly found in viral databases and were initially believed to be a
result of bacterial DNA contamination. However, it has recently been
hypothesized that the bacterial sequences in viral metagenomes are likely from
co-purification of GTAs [38].
III. History of GTAs
GTAs were initially observed in the purple non-sulfur photosynthetic
bacterium, Rhodobacter capsulatus, (formerly Rhodopseudomonas capsulata) in
1974 by Barry Marrs and colleagues. They inserted a streptomycin-resistant and
rifampicin-resistant marker into a donor culture [39]. Donor cultures were filtered
in early stationary phase and cell-free filtrates were incubated with a recipient
culture in early stationary phase. Diluted aliquots were mixed with soft agar in
plates to determine streptomycin-resistant and rifampicin-resistant colony forming
units (CFUs). The GTAs were DNase resistant, the transfer activity was not
inducible by mitomycin C and no plaque formations or other lysis was observed.
The genetic material of GTAs were identified as linear and double-stranded DNA
after purification and isotopic labeling [40].
IV. Characteristics of GTAs
The process of GTA-mediated gene transfer was termed “constitutive
transduction”, meaning every GTA particle is capable of participating in
transduction, as well as being inherited, chromosomally encoded, and under host
control [41]. GTAs have been recorded to package small amounts of linear host
5

DNA ranging in size from 4-13.6kb, in their capsid heads [41,42,43]. Due to
exclusive host DNA packaging, GTAs have been hypothesized as “defective
prophages”, incapable of destroying another cell [44]. At least in R. capsulatus,
the DNA selected for packaging appears to be random, with no apparent
preference for any particular gene type or region [39].
A. GTA Genes
The genes encoding GTAs are typically arranged in 15 open reading
frames (ORFs, Figure 1), are both linear and double-stranded, and range in size
from 13-16 kb [40,41,45]. This is smaller than typical prophages, which can have
genomes ranging from 20-600 kb [45,46]. This gene arrangement (or synteny) in
GTAs is highly conserved, particularly since it appears to be vertically inherited in
the alpha proteobacterial lineage [1]. The two genes that appear to have most
conservation of sequence based on gene alignments are terminase large subunit
and the capsid protein [47,48].
The first host protein repetitively downstream of the GTA, serine Oacetyltransferase, implies GTAs’ vertical transmission, not inserting themselves
into their hosts as integrating prophages do [21]. Genbank searches with GTA
gene sequences of R. capsulatus by Lang and Beatty [21] evinced high
homology with alpha-proteobacterial chromosomal sequences. In fact, there is
an obvious pattern between the 16S rDNA relationship of the alphaproteobacteria and their presence of complete or partial GTA-like genes. This
pattern indicates that GTA-like genes have been passed on vertically from a
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common ancestor and highly retained in alpha-proteobacteria, particularly
Rhodobacterales [21]. Analysis by John Paul has shown that about 20% of
existing marine bacterial genome sequences and almost all α-proteobacteria
contain GTA-like sequences [1].
In a typical lytic phage, the terminase gene generally contains two
subunits. The large subunit has nuclease and ATPase activities, releasing
energy and unwinding DNA, and the small subunit has the sequence specificity
[49]. In GTAs, the terminase large subunit gene is generally the first ORF in the
GTA and the small subunit is often absent. The lack of the small subunit of the
terminase probably accounts for the random nature of the DNA packaging [1].
GTA ORF 3 is typically the portal protein, which participates with the
terminase in the initiation and completion of DNA packaging into the viral head
[41]. GTAs have differences in the portal sequence in comparison to lytic
phages, which likely contributes to the random packaging of host DNA as well as
the small volume of DNA packaged [41,50].
The GTA ORF 4 is the prohead protease, which assists in the processing
of capsid proteins and capsid assembly, and ORF 5 is the major capsid protein
[21,51,52]. It has been documented that the pre-formed capsid heads of
defective phages such as GTAs package host DNA. The protein head protects
the host nucleic acid, and does not contain any phage DNA [42,43,53,54]
GTA genes 6-11 encode for structural proteins including tail fibers, a head
to tail adapter protein, a major tail protein, and occasionally a tail tape measure
7

protein, which is responsible for determining tail length [55]. Although not all
defective phages including GTAs are tailed, most GTAs resemble tailed phages
with typical head diameters of around 30 nm and tail lengths varying from 30 to
50 nm, their entire size ranging from 30 to 80 nm [21,39,44,54,56,57,58,59,60].
In many GTAs, there is a cell wall hydrolase encoded by ORF 14, which
hydrolyzes the shape maintaining and stress-bearing peptidoglycan layer of the
cell wall [61,62,63]. The hydrolase may allow entry of the GTA nucleic acid into
the cell. The function of ORF 15 is not well defined, but is believed to be a host
specificity protein possibly analogous to phage tail fibers, which are also thought
to serve in host recognition [21,64].
B. Physiology of GTAs
Most of what is currently understood about the physiology of GTAs is
from the type strain and model system in Rhodobacter capsulatus. There are
several host proteins that have been found to be involved in production of GTA
particles. For example, R. capsulatus contains histidyl-aspartyl signaling
proteins, cckA and ctrA, that appear to activate transcription of GTA structural
genes and control GTA production [44,58]. These proteins are part of a sensor
kinase/response regulator system that leads to expression of GTA genes in
stationary phase of growth, where GTA production is at its peak. These genes
are required for maximal GTA transcription, which is in sync with GTA production
[21,40,44]. These same signaling genes are also involved in flagellar gene
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transcription regulation, regulating motility in R. capsulatus [58]. Similar proteins
are observed in nearly all alpha proteobacteria, implying similar functionality [21].

Figure 1. Genomic organization of GTAs detected in 9 marine bacterial genomes. Red,
Terminase large subunit; Green, Portal, capsid protease, and major capsid proteins; Blue, tail
associated; Black, unknown or conserved hypothetical; Yellow, lytic enzyme; Pink, serine Oacetyl transferase ( Host); White, host.

Another regulator of GTA expression and transduction in R. capsulatus is
a long-chain acyl-homoserine lactone produced by the gtaI protein during the
process of quorum sensing, observed during stationary phase [21,65]. Acylhomoserine lactone is a type of signaling molecule that is generated from
9

biofilms to expand biofilm density and coordinates gene expression during the
cell-to-cell communication mechanism of quorum sensing [66]. This further
affirms that GTA production occurs in stationary phase.
VI. GTAs vs. Prophages
When comparing prophages to GTAs, prophages are integrated into the
host chromosomal DNA or exist as a plasmid via HGT, whereas GTAs are
integrated via vertical transmission [14,21]. A typical prophage is in a lysogenic
state, but in culture the prophages’ lytic switch is turned on (they are induced).
Temperate phages lyse the cells when the host bacterium is induced by
exposure to simulated environmental stress such as heat, starvation, UV light, or
certain chemicals interacting with DNA, releasing virulent offspring to infect other
cells [15].
In contrast to prophages in culture, prophages implement the lytic cycle in
the marine environment when conditions are favorable and highly productive.
However, natural induction triggers are not well characterized. When conditions
are oligotrophic, seasonally stressed, or anoxic, lysogeny dominates [1,67,68] It
has been hypothesized that lysogeny between viruses and their host cells offers
a means of survival for viruses that face low host cell abundance [69,70].
Genes that encode some of the lytic functions, such as holin and
endolysin, have not be found in GTAs [39]. Cultures with GTAs have an absence
of plaque formations, which represents the absence of lysis [39]. Without lysing
the cell when released, the mystery of the GTA “release mechanism” from its
10

host arises. GTAs are spontaneously produced, yet the means of GTA export is
still unknown. There are several theories as to how it is executed; firstly, even
though the GTAs themselves do not lyse, they may be released when the cell
naturally lyses, or secondly, there is a low-level expression of lytic genes not
associated with the GTA genes [41]. GTAs are not inducible by any stressors
such as UV light or mitomycin C, as are prophages [39]. GTAs are under the
control of host proteins and are spontaneously produced.
With these distinct differences between prophages and GTAs, they do
have some similarities. GTAs and prophages are both DNase resistant,
encapsidate DNA in their viral heads, both carrying chromosomal DNA, they
share similar structural genes, and except in genome size as well as physical
size, they resemble one another. Although prophages and GTAs are distinct
viral entities, a host cell can carry both of them, each having their own individual
sequence and their respective induction or production depending on host
conditions [1,56,71].
VII. Other GTA-like Systems
After the discovery of GTAs in R. capsulatus, there have been other
prokaryotes in which GTA-like particles have been discovered. For example,
Desulfovibrio desulfuricans, a sulfate-reducing bacterium of the deltaproteobacteria, was found to contain a phage-like transducing particle called
Dd1. This particle packages random 13.6 kb chromosomal fragments and was
found by mixing a nalidixic acid-resistant strain with a rifampicin-resistant strain
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[72]. The particle transferred both resistances to colony-forming units, was
resistant to DNase, and had no plaque-forming abilities. After treatment with
mitomycin C, the donor strains did not lyse, nor was there an increase in gene
transfer frequency, all characteristics similar to GTAs [72].
The spirochete Brachyspira (Serpulina) hyodysenteriae was found to
produce a mitomycin C inducible, tailed phage-like particle called VSH-1 [73,74].
The linear double stranded DNA packaged in this particle is 7.5 kb random
chromosomal fragments. VSH-1 transferred both chloramphenicol and
kanamycin resistance between Serpulina hyodysenteriae strains. Although this
particle was inducible like a prophage, it was incapable of lysis on several
strains.
There is evidence that the methanogenic, anaerobic archaebacterium
Methanococcus voltae produces the transducing phage-like particle called the
voltae transfer agent (VTA) that packages random 4.4 kb chromosomal
fragments [75,76]. This particle is DNase-resistant and transduces genes
without host lysis. The markers that were transferred here were three
auxotrophies of histidine, purine, and cobalamin, and were also resistant to an
inhibitor of methanogenesis. After VTA DNA was examined, the results
suggested that it was a random sample of the bacterial DNA, similar to GTAs.
Several species of the alpha-proteobacteria Bartonella produce GTA-like
particles called bacteriophage-like particles (BLPs). These package larger pieces
of DNA fragments at 14 kb and lack a viral tail, whereas many phages do have
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tails [15,54]. DNA of these particles are protected from chloroform/DNase
treatments by capsid proteins [77,78]. When treated with SDS, BLPs were then
disrupted by DNase, suggesting BLP DNA is packaged in a protein head. They
are also not inducible when exposed to UV irradiation or mitomycin C. In B.
bacilliformis in particular, the 16S-23S ITS region was chosen as the marker to
be mutated. This was a valid marker for mutation because two other target
rDNA operons still remained, maintaining the culture’s viability [54].
Experiments with this species show that BLP packaging of host DNA is nonrandom and limited to particular loci on the host chromosome, a trait unlike the
GTA, at least to current knowledge at this point in time.
These five known phage-like particles all package random fragments of
double-stranded DNA (with the exception of Bartonella), have tailed phage
structure (with the exception of Bartonella), carry a smaller amount of DNA than
would be thought to represent a complete tailed phage genome, and have
suppressed lytic activity (Table 1). These are all characteristics of “constitutive”
transducing gene transfer agents [41].
Since the discovery of GTAs, there have been GTA-like sequences found
in the genomes of Silicibacter sp. TM1040, a member of the Roseobacter clade,
[79] as well as many different α-proteobacteria in the Roseobacter clade, in
particular the order of Rhodobacterales [21].

The Roseobacter clade

constitutes up to 20% of coastal and oceanic bacterioplankton, thus possibly
having a huge impact on the evolution of oceanic microbiota [79,80,81].
Roseobacter is a metabolically versatile group, and its capability to transfer
13

genes is as vast as its phylogenetic distribution [82]. Alpha-proteobacteria’s
phylogeny is extremely adaptable as a result of extrachromosomal elements,
partially attributed to GTAs in particular [82].
VIII. Alpha Proteobacteria and Coral Symbiosis
Alpha proteobacteria are gram-negative phototrophic bacteria that are
able to perform anoxygenic photosynthesis [83]. They are found in diverse
environments of freshwater, marine, and hypersaline waters [83]. Alpha
proteobacteria tend to be “surface-associated” and studies demonstrate their
interaction with corals and their abundance in coral tissue [84,85,86].
Table 1. Summary of Gene Transfer Agents Properties.

Species
Rhodobacter capsulatus
Bartonella spp.
Brachspira hyodysenteriae
Desulfovibrio desulfuricans
Methanococcus voltae

Head
Gene
DNA
diameter,
Transfer
packaged Reference
tail length
Agent
(kb)
(nm)
GTA
30, 50
4.5
[39,40, 44, 45]
BLP
80, 0
14
[54, 77]
VSH-1
45, 64
7.5
[73, 74]
Dd1
VTA

43, 7
40, 61

13.6
4.4

[72]
[75, 76]

Reprinted from Importance of widespread gene transfer agent genes in α-proteobacteria, Vol 15 /
edition 2, Lang and Beatty, Trends in Microbiology, Pages 54-62, Copyright (2007), with
permission from Elsevier.

Corals and their invertebrate symbionts have a specific relationship with αproteobacteria, although poorly understood [87,88,89]. Ritchie et al. has found
α-proteobacteria associations in Symbiodinium spp., also referred to as
zooxanthellae, a dinoflagellate commonly known to be an intracellular
endosymbiont of many marine animals and protozoa, particularly anthozoans
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such as scleractinian corals [90] Bacterial associations were found in 11
Symbiodinium cultures representing six different clades that were collected from
different corals, foraminiferans, and coral reef invertebrates from different
oceans. The Symbiodinium cultures investigated demonstrated high bacterial
diversity, however several groups dominated. These include members of the
Roseobacter clade, Marinobacter species, and members of the CytophagaFlavobacterium-Bacteroides (CFB) group [90]. Some of these bacteria may be
obligate symbionts. In preliminary experiments, the primary group
Rhodobacteriales or Roseobacteriales, has been shown to facilitate
dinoflagellate endosymbionts to grow faster when inoculated into Symbiodinium
cultures [90].
It is important to understand coral-dinoflagellate-microbial symbiosis
because these relationships could contribute to coral resiliency. Nutrient cycling
between the Symbiodinium and the coral accounts for the growth and
development of coral reefs in a nutrient-poor ocean [91,92]. Symbiodinium
provides food and energy by transferring photosynthetically fixed carbon for
calcification and formation of the reef [93,94,95,96]. The zooxanthellae also
produce oxygen that assists the coral and microorganisms with respiration and in
high concentrations (>200% saturation) provides protection against infection by
bacterial pathogens [93,97,98]. Symbiodinium in return receives inorganic
nutrients from the metabolizing coral as well as a favorable environment [92,95].
The connection between alpha proteobacteria and zooxanthellae is not
completely understood. It is suggested that in the reef environment, bacteria are
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dependent upon organic compounds from the photoautotrophic zooxanthellae
[99,100]. One potential example of the bacterial/zooxanthellae relationship is the
degradation of Dimethylsulfoniopropionate (DMSP) to dimethyl sulfide (DMS) or
DMS to sulfur by bacteria. This breakdown is an important contribution to the
sulfur cycle in which DMS fluxes from the ocean (where it’s most abundant) to
the atmosphere as part of cloud formation [100,101,102,103].
DMSP is an organic sulfur compound found at significant concentrations in
scleractinian corals due to its production by the associated zooxanthellae
[100,104] Due to the high production of DMSP and DMS by zooxanthellae, and
the high dependence on bacteria to break it down, these types of bacteria may
have a specificity to these coral associated with high DMSP and DMS producing
zooxanthellae [100]. In a study performed by Raina et al. [100] to determine the
phylogeny of the bacteria associated with this degradation, four bacterial strains,
including Spongiobacter, Pseudomonas, Roseobacter, and Vibrio spp.,
represented between 30 and 60% of the identified clones recovered from the
coral tissue and mucus libraries. Roseobacter spp. in particular have a high
chemotaxis towards DMSP, possibly explaining the observation that they are the
first bacteria to inhabit the coral Pocillopora meandrina [87,105,106]. This
example of bacterial and zooxanthellae symbiosis displays a system that can
impact global climate control due to cloud formation as well as a system for
nutrient cycling.
Data indicates that more than half of algae are also dependent on bacteria
for essential nutrients, such as vitamin B-12 and antimicrobials [82,107,108].
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Emerging evidence is on the rise for similar interactions between algae and
bacteria for the acquisition of other micronutrients [109,110].
Recently, the genes associated with the symbiotic relationship between
alpha proteobacteria and zooxanthellae have been identified as motility and
chemotaxis genes that allow the bacteria to detect and swim towards their hosts
[108]. This discovery was observed by mutating alpha proteobacterial isolates’
flagellar genes and analyzing their ability to colonize on and sustain the growth of
the dinoflagellate, Pfiesteria piscicida.

Results displayed an inability of the

bacteria to attach to the dinoflagellate and a reduction in dinoflagellate growth.
Fimbri and pili genes are found to play an important role in bacterial adhesion to
zooxanthellae [108].
Studies on the relationship between bacteria and coral have identified
diverse and complex bacterial assemblages in and on the corals including the
carbonate skeleton, the internal tissue, and the surface mucopolysaccharide
layer (coral mucus) that may contribute to coral metabolism or provide defense
[93,111]. Changes in bacterial communities and bacterial gene expression of
coral mucus-associated bacteria have been associated with coral disease and
bleaching [111,112,113]
Sharp et al. demonstrated how these intricate bacterial assemblages have
accumulated after coral spawning [111]. Broadcast spawners are hermaphrodite
coral that release sperm and egg bundles and cross fertilize in the water column
in a mass spawning event once or twice a year [114,115]. In these corals,
bacteria were not found in the resulting planula larvae while swimming [111].
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Only after the larvae were metamorphosed and settled were bacteria detectable.
These results suggest that there is a change in the coral after settling. This
change could be a reduction of inhibitory bacteria or permission for bacteria to
inhabit the coral, possibly from the disappearance of chemical antimicrobial
compounds [111,116]. Brooding corals release sperm and retain fertilized eggs
within the colony, later releasing swimming planula larvae [115,117]. These
corals reproduce several months out of the year based on the lunar cycle, and
acquire zooxanthellae through vertical transmission as larvae [115,118]. Sharp
et al. [89] has documented bacterial (in particular Roseobacter) transmission in
Porites astreoides, the only coral species documented so far that vertically
transmits zooxanthellae and bacteria. However, it is still unknown whether
bacteria in the water column are host-specific with coral.
With all of the information we know about GTAs and their association with
alpha proteobacteria, GTAs could also be complex members of this multipartite
symbiotic relationship. Phages have been identified in the reef environment
hosting genes that are involved in DMSP degradation [106]. GTAs could have a
role in this as well, transferring genes for DMSP degradation to hosts that may
not have them. They could provide the most beneficial genes from bacteria
residing on a resilient reef to host cells on an unhealthy coral reef, such as genes
associated with coral larval settlement.
Very little is known about coral larval settlement cues. One piece of
information that is known is that a bacterial biofilm or crustose coralline algae
(CCA) is necessary for coral larvae to settle, whether providing physical
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contributions or chemical cues [119,120,121]. Studies by Negri et al. [122] have
shown that Pseudoalteromonas Strain A3 associated with the CCA Hydrolithon
onkodes can induce coral larval settlement, attachment and metamorphosis.
This suggests that chemical cues from microorganisms may play a role in coral
recruitment.
IX. Research Objectives
Gene transfer experiments have been conducted since the 1980’s to
observe the mechanisms of HGT in the environment [10]. Different methods
were developed to research environmental gene transfer. One method involves
the addition of an easily identifiable gene, preferably coding a selective marker
that can be detected by probing or PCR, followed by transfer of this gene to the
environment and examination of its uptake by the indigenous flora [8,10,25].
Another method is to bioinformatically examine the genomes of recipient
environmental isolates to determine if donor genes were acquired [10].
Recent studies involving gene transfer via “constitutive transduction” by
GTAs has shed new light on HGT. Several alpha proteobacteria containing
putative GTA cassettes were screened for GTA production: Roseobacter
denitrificans, Oceanicola granulosus, Roseovarius nubinhibens, Silicibacter
pomeroyi, Photobacterium profundum, Aurantimonas sp., Oceanicaulis
alexandrii, Parvularcula bermudensis [71]. Of these isolates, R. nubinhibens
showed reproducible putative GTA production in stationary phase, and was used
for gene transfer experiments, both in culture and in the environment [71].
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In this study, twelve alpha proteobacteria were isolated from
Symbiodinium cultures and screened for putative GTA production. Of the twelve,
Ruegeria mobilis (ID 45A6) was chosen after successful production of GTA-like
particles during stationary phase, and the successful insertion of a genetic
marker, the transposon Tn5. The transposon Tn5 was contained on an 8.4 Kb
plasmid called pfdA31-Tn5 from E. coli and included a 2.7 kb central region of
kanamycin, streptomycin, and bleomycin resistance cassettes. [123]. By
introducing this foreign gene to 45A6, a “mutant” strain or donor strain was
created. To test for gene transfer frequencies, wild-type strains or natural
microbial communities from diverse environments, primarily in Tampa Bay, were
incubated with GTAs from the 45A6 mutant, 45A6::Tn5. GTA-mediated gene
transfer rates were documented for the transfer of kanamycin or kanamycin and
streptomycin resistance. The marker gene was verified in the bacterial recipients
of successful and significant gene transfer. Isolates verified for uptake of the
Tn5 marker were subsequently cloned and sequenced for their 16S identities.
For a beneficial application of this innovative mode of HGT, 45A6 wild-type GTAs
were harvested and used to determine their effect on settlement and survival
responses of coral larvae of two different types of coral: the brooding coral,
Porites astreoides, and the broadcast spawner, Montastraea faveolata, chosen
due to their accessibility. The hypothesized multipartite symbiotic relationship
between GTAs, alpha proteobacteria, zooxanthellae, and coral has led to the
objectives in this study:

20

1) To investigate the gene transfer potential of GTAs of marine alpha
proteobacteria, specifically the transfer of genetic markers by using
systems in culture to learn the biology of the GTAs.
2) To discover the gene transfer potential of GTAs in natural marine coastal
environments, using cultivated GTAs from verified lab strains as well as
new isolates from the coral reef environment.
3) To define the impact of GTAs in coral reef systems, specifically their effect
on coral larval settlement.
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METHODS:
I. Isolate Culturing and Growth
The cultures used in this study were provided by Dr. Kim Ritchie from
Mote Marine Laboratory (Sarasota, FL). They were isolated from Symbiodinium
cultures originally collected from corals, anemonies, corallimorphs, foraminifera,
and jellyfish from Florida, Jamaica, and the Red Sea [90]. Twelve alphaproteobacterial isolates from these Symbiodinium cultures were isolated, purified,
and identified by 16S rDNA analysis (Table 2). Each strain was inoculated into
peptone and yeast extract based marine media [124](A+PY) from colonies and
incubated at 26 °C with shaking [124]. Two milliliters of stock cultures were
snap-frozen in 25% glycerol by liquid nitrogen in cryovials.
Table 2. Summary of Alpha Proteobacteria 16S Identities.

Strain ID 16S% ID
Closest Match/GenBank
Symbiodinium Clade/Source
44B9f
99
Stappia sp.
B1/Gorgonian/Jamaica
44C2f
99
Labrenzia aggregate /alpha proteo
B1/Gorgonian/Jamaica
44C2s
98
Roseobacter/Rhodobacteraceae
B1/Gorgonian/Jamaica
44D2
99
Stappia sp.
B1/Gorgonian/Jamaica
44A6s
100
Roseobacter sp.
C1/Corallimorph/Jamaica
44A11
99
Roseivivax halotolerans
C1/Corallimorph/Jamaica
45A1
98
Roseobacter/Rhodobacteraceae
D2/Foramniferan/Red Sea
44G3
100
Thalassospira sp./alpha proteo
A1/Jellyfish/Florida
Nitratireductor kimnyeongense/
44B9s
99
B1/Gorgonian/Jamaica
Mesorhizobium sp.
45A6
99
Reugeria mobilis
D2/Foramniferan/Red Sea
45B2
99
Stappia sp.
D2/Foramniferan/Red Sea
44 E6
99
Stappia sp.
F2/ Sceractinian/Jamaica
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For growth curves and GTA production, bacterial cultures were started
with 1% inoculums (v/v) and were monitored over time for their growth using
absorbance measurements at 600 nm (A600) from a Spectronic™ GENESYS™
20® spectrophotometer (Thermo Electron Corportion, Madison, WI). Every two
hours for the first 10 to 12 hours (through log-phase), 1 ml duplicate or triplicate
samples were taken and preserved with formalin or glutaraldehyde for either
flow cytometry or epifluoresence microscopy, respectively. The cultures were
simultaneously monitored for the production of putative GTA-like particles over
time. One milliliter duplicate or triplicate samples of each strain were taken along
with A600 measurements at 24 hour intervals after inoculation or when the strain
reached stationary phase. Samples underwent centrifugation at 16,000 × g, the
supernatants were filtered using 0.2 µm × 33 mm Millex® filter units (Millipore™,
Billerica, MA) and fixed for both flow cytometric and epifluoresence microscopic
analysis.
II. Cell/Putative GTA Counts and Growth Curves
A. Epifluoresence Microscopy
The 1 ml samples were prepared and stained as per methods described
by Patel et al. [125]. Samples were immediately fixed with formalin for a 1% final
concentration and diluted as needed with sterile deionized water. The samples
were then filtered through a 0.02 µm pore size × 25 mm Whatman® Anodisc filter
(Fisher Scientific, Suwanee, GA) to collect the cells or viruses. The samples
were stained with Molecular Probes® SYBR Gold (Invitrogen, Eugene Oregon) for
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a 1:400 final concentration by placing the filter on the drop of diluted stain for 12
minutes in the dark. After staining, the filters was placed on glass slides and
covered with cover slips containing 28 µl of 0.1% (vol/vol) p-phenylenediamine
anti-fading mounting solution made with 1:1 PBS:glycerin solution. Cells and
putative GTAs were enumerated using an Olympus BX60 microscope using 1000
× magnification. Counts were based on a minimum of 200 particles in at least 10
fields of view, averaged, and converted to obtain particles per ml.
B. Flow Cytometry
One milliliter samples were fixed using 20 µl of 25% biological
glutaraldehyde (0.5% final concentration), incubated at 4°C for 15 minutes, snapfrozen in liquid nitrogen, and stored at -80°C for later analysis. Methods for
sample analysis from Brussaard et al. [126] were followed with slight
modification. Briefly, samples were thawed and diluted in Tris-EDTA (TE) buffer
10:1 (10 mM of 1 M Tris-HCl and 1 mM of 0.5 M EDTA, pH 8.0). Samples were
then stained with SYBR Green I (Molecular Probes Inc.®, Invitrogen , Eugene
Oregon) at a final dilution of 5 × 10-5 the commercial stock. Yellow-green
fluorescent latex FluoSpheres® microspheres (Polysciences, Inc.®, Warrington,
PA) were added as an internal reference to all samples (0.75 µm in diameter for
viral samples, 1.0 µm in diameter for cell samples). Prepared samples were
then incubated for 10 minutes in the dark at 80°C, allowing 5 minutes for cooling
before analysis.

Flow cytometry measurements were performed in triplicate for

each sample using a FACS-Calibur flow cytometer (Becton Dickinson, San Jose,
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CA) according to the methods of Brussaard et al. [126] for both cell and viral
enumeration.
C. Growth Curves
The growth rates, cell counts, and putative GTA counts were used to
create growth curves for each culture. Growth curves correlate both cell counts
with A600 measurements and GTA-like particle (from here on, called GTAs)
counts with A600 measurements. Production with time allowed the
determination of when to harvest cells either as donors or recipients and enabled
multiplicity of infection (MOI) estimates for gene transfer experiments. The MOI
indicates the ratio of GTA particles to putative recipients and is calculated by
dividing the total number of GTA particles (conc. × vol.) by the total number of
recipient cells (conc. × vol.).
III. Verification of GTAs
A. GTA Genes in Isolates
In order to identify spontaneously produced virus-like particles (VLPs) as
GTAs in the 12 alpha proteobacteria strains, primers were designed to target the
GTA terminase gene from manual alignments of GTA terminase genes (Table 3).
DNA was extracted from the strains using either the Archive® Pure Kit (5 Prime,
Gaithersburg, MD) or the Wizard®Genomic DNA kit (Promega Inc., Madison WI,
USA.). DNA was quantified using the Nanodrop® spectrophotometer (ND-1000,
NanoDrop Technologies,Wilmington, DE). The chromosomal DNA from each
strain was screened for the GTA terminase by PCR. Each reaction was
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prepared using GoTaq® Green Master Mix (Promega Corp., Madison, WI; final
concentrations of 1.5 mM MgCl2 and 0.2 mM each dNTP) and with final primer
concentrations of 10 µM. Products were verified for the expected size product
using gel electrophoresis with ethidium bromide staining. The genome of isolate
45A6 was further analyzed by sequencing. This was performed by collaborators
at King Abdullah University of Science and Technology (KAUST).
B. Prophage Induction
The alpha proteobacteria 45A6 wild-type isolate was selected to test for
prophage induction in duplicate experiments, as per methods described by
Ackermann and DuBow [14]. Two milliliters of stock culture were inoculated into
48 ml of A+PY media and growth was monitored with A600 measurements.
Once in log-phase, the culture was split into two equal volumes. The
experimental volume was inoculated with mitomycin C for a 0.5 µg/ml final
concentration, and the control culture was inoculated with the same volume of
sterile deionized water. Both flasks were incubated overnight at 26 ºC with
shaking. A one milliliter sub-sample from experimental and control samples were
pelleted by centrifugation at 16,000 × g, filtered (0.2 µm pore size), diluted with
1% formalin/DI, and immediately stained with SYBR Gold to enumerate VLPs
and compare for both samples.
C. GTA and Prophage DNA Extraction
To extract encapsidated DNA, GTAs were further purified using a cesium
chloride gradient after they were purified and concentrated with polyethylene
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glycol (PEG, see details below). GTA capsids were disrupted using formamide
and nucleic acids were extracted after ethanol precipitation [127]. According to
methods of Sambrook and Russell, the extracted nucleic acids were verified by
gel electrophoresis, on a 1% agarose gel and stained afterwards with SYBR Gold
[128]. Prophages were also subjected to DNA extraction for DNA comparison
using the same methods.
D. Transmission Electron Microscopy
Transmission images of GTAs were obtained from isolates 44E6, 44B9s,
45A6, 45A1, and 44A11. Putative GTA particles were purified and concentrated
by polyethylene glycol (see details below). A 200 or 400 µm mesh carbon coated
grid (Electron Microscopy Sciences, Hatfield, PA) was spotted with a 10 µl drop
of concentrated GTAs and air dried. The grids were stained for 30 seconds in 2%
aqueous uranyl acetate, rinsed with 0.2 µm filtered DI water, and then air dried
on clean filter paper. The stained grids were viewed using a Hitachi 7100
electron microscope (Hitachi High Technologies America, Pleasanton CA,USA.
www.hitachi-hta.com), with a 100 keV accelerating voltage. Digital photographs
were taken with a Gatan Orius high resolution digital camera (Gatan Inc.,
Pleasanton CA).
IV. Introduction of Selectable Marker
A. Transposon Tn5
In order to use the isolates for gene transfer experiments, they needed to
contain a selective and verifiable marker. The transposon Tn5 was the marker
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selected for use in this study. Tn5 is contained on the pfdA31-Tn5 plasmid from
E. coli (Figure 2). This isolate was obtained from the American Type Culture
Center (ATCC, Manassas, VA). The plasmid is 8.4 Kb with a 2.7 kb central
region that contains kanamycin, streptomycin, and bleomycin resistance
cassettes (Figure 3) [123,129]. The streptomycin resistance gene is located in a
1000 bp segment of the central region, 300 bp downstream from the kanamycin
resistance gene [123,130]. The bleomycin resistance gene is found in a 400 bp
DNA segment directly downstream from the kanamycin resistance gene
[123,131]. The complete sequence of the E. coli Tn5 transposon is available from
the National Center for Biotechnology Information (NCBI) referencing the
accession number U00004.
To isolate the Tn5 plasmid, E. coli was grown overnight in Lauria-Bertain
(LB), ( pH 7.0), at 37º C with shaking. The plasmid was then extracted using the
Zyppy™ Plasmid Miniprep Kit per the manufacturer’s instructions (Zymo
Research Corp., Orange, CA) followed by a further purification step using Zymo
DNA Clean-Concentrator™-25 kit (Zymo Research Corp., Orange, CA,
www.zymoresearch.com), per the manufacturer’s instructions. The purified
plasmid was then quantified using a NanoDrop® spectrophotometer and checked
for sterility by plating on marine media. The 12 wild-type alpha proteobacteria
were pre-screened to rule out the presence of Tn5 by PCR with primers to the
Tn5Kan (Table 3).
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Figure 2. Map of plasmid pfdA31-Tn5. It consists of the 1.9 kb plasmid pfdA31 and the 6.5 kb
EcoRI-fragment with Tn5. The arrows indicate the direction of transcription for the antibiotic
resistance genes; heavy line, transposon TnO; dotted line, cloned part from Ti-plasmid; fd ori,
replication origin from bacteriophage fd; E, restriction site for EcoRI. Metzger et al., Site-directed
and transposon-mediated mutagenesis with pfd-plasmids by electroporation of Erwinia amylovora
and Escherichia coli cells, Nucleic Acids Research, 1992, volume 20, issue 9, pagination 22652270, by permission of Oxford University Press.

Figure 3. Central Region of Tn5 Transposon Sequence. Neomycin/kanamycin, bleomycin, and
streptomycin resistance cassettes.
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Table 3. Summary of Primers & PCR Conditions.

Target Gene

Primer

Forward

Tn5 Neomycin
Phosphotransferase
(KanR)

Tn5KanR

5’-GGGTCGGACGACAGG
ATGAGGATCGTTTCG-3’

Reverse

Expected
Product
(bp)

Thermal Cycling
Conditions

5’-CTCGGATCCAGCG
GCGATACCGTAAAG-3’

761

10 min. at 95 °C;
40 cycles of 1 min. at 95 °C,
1 min. at 65 °C, 1 min. at 72 °C;
7 min. at 72 °C

5'-AAGATGGATTG
CACGCAGGT-3'

5'-AGCGGCGATA
CCGTAAAGCAC-3'

723

10 min. at 95 °C;
30 cycles of 1 min. at 95 °C,
1 min. at 52.4 °C,
1 min. at 72 °C; 7 min. at 72 °C

5’-CGGATGGAAG
CCGGTCTTGTC-3’

5’-AAGCACGAGGAA
GCGGTCAGC-3’

270

10 min. at 95 °C;
30 cycles of 1 min. 95 °C,
30 sec. at 66.3 °C,
30 sec. at 72 °C; 7 min. at 72 °C

Tn5Bleo

5’-ATGACCGAC
CAAGCGACGC-3’

5’-CTGTATCAGGC
GCAGGAGCGT-3’

354

10 min. at 95 °C;
30 cycles of 1 min. at 95 °C,
30 sec. at 65.9 °C,
30 sec. at 72 °C; 7 min. at 72 °C

Tn5 Streptomycin
Phosphotransferase

Tn5StrepK

5’-GGAAAAGCGG
CTGGAACCATT-3’

5’-GCTGCTCACCA
CCCACTCGAG-3’

347

10 min. at 95 °C;
30 cycles of 1 min. at 95 °C,
30 sec. at 62.2 °C,
30 sec. at 72 °C; 7 min. at 72 °C

GTA Terminase

GTATerm

5’TGGTCTGGC
CSAACGGSGC-3’

5' - CCCAGCCGCA
GCGCRAAYT-3’

168

10 min. at 95 °C,
30 cycles of 1 min. at 95 °C,
30 sec. at 54.3 °C,
30 sec. at 72 °C; 7 min. at 72 °C

1538

2 min. at 95 °C;
40 cycles of 1 min. at 95 °C,
1 min. at 55 °C,
2 min. at 72 °C; 10 min. at 72 °C

243

7 min. at 95 °C;
30 cycles of 1 min. at 94 °C,
1 min. at 55 °C,
1.5 min. at 72 °C; 7 min. at 72
°C

Tn5 Neomycin
Phosphotransferase
(KanR)

Tn5Npt2

Tn5 Neomycin
Phosphotransferase Tn5NptActive
(KanR)

Tn5 Bleomycin
resistance peptide

16S ribosomal RNA

pCR®II-TOPO®
vector

16S

M13

5’-CCGAATTCGTCGACAACAG 5’-CCCGGGATCCAAGCTTAC
AGTTTGATCCTGGCTCAG-3’ GGCTACCTTGTTACGACTT-3’

5'-GTAAAACG
ACGGCCAG-3'

5'-CAGGAAACA
GCTATGAC-3'
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B. Conversion to Antibiotic Resistance Phenotype
1. Transformation
In order to introduce the Tn5 transposon into wild-type isolates, both
natural transformation and electroporation experiments were performed. The
wild-type isolates to be transformed were chosen at random: 45A1, 44G3,
44B9s, 45A6, 44E6 (Table 1). Each recipient was harvested in log-phase. For
natural transformation, 2 ml of culture were filtered as a discreet spot onto a 0.2
µm × 47 mm polycarbonate filter (GE Water & Process Technologies, Trevose,
PA). After placing the filter on an A+PY agar plate with sterile forceps, 50 µl of
the purified Tn5 DNA (at minimum 1 µg of DNA) was directly pipetted onto the
cells trapped on the filter surface. Control filters were also prepared and placed
on A+PY agar plates including media only, Tn5 DNA only, and the same volume
of cells only. All plates were incubated at 26 ºC overnight.
Following transformation, each filter was placed in a 50 mL conical tube
with 2 ml of A+PY media and the tubes were mixed by vortexing to release the
cells from the filter surface. The filters were removed with sterile forceps and
discarded. For both controls and Tn5 treated cells, several dilutions were made.
Fifty µl of either control or treatment were spread plated on nutrient agar plates in
triplicate. Nutrient agar plates made of A+PY were used for controls to detect
any media and plasmid contamination as well as viable cell counts.
A+PY/kanamycin (250 µg/ml) agar plates were used to determine the control
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cells’ spontaneous kanamycin resistance, and to determine the treated cells’
uptake of kanamycin resistance. All plates were incubated at 26 ºC overnight.
2. Electroporation
In attempt to facilitate transformation, the cells were also treated by an
electroporation protocol. Three of the four wild-type isolates mentioned above
were electroporated (44B9s, 45A6, and 44E6, Table 2). The isolates were
sampled from either log-phase or stationary phase. Five milliliters of culture from
both log and stationary phases were placed in a 15 mL conical tube and pelleted
at 10,000 × g for 5 minutes at 4 º C. The supernatants were decanted, and the
cells were re-suspended and washed with 5 ml of cold sucrose-based
electroporation buffer [132]. The sample was washed again and re-suspended in
1 ml of the buffer, yielding a 5-fold concentration. Duplicate 70 µl samples of the
re-suspended, washed culture and 10 µl of purified plasmid were mixed on ice.
Duplicate 80 µl samples of untreated culture were also prepared as controls.
Samples were pipetted to the bottom of BioRad Gene Pulser® cuvettes (BioRad,
Hercules, CA) on ice and were electroporated using a MicroPulserTM
electroporation apparatus (BioRad, Hercules, CA) at 0.2 kV, per manufacturer’s
instructions. One milliliter of room temperature A+PY media was immediately
added to each cuvette. The samples were transferred to 1.5 mL tubes and
incubated at 26 ºC for 1 hour while shaking. Electroporated treatment and
control cells were plated as above.
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C. Verification of Tn5
When a statistically significant increase in antibiotic resistance was
observed in the bacterial colonies from the treatments (transformants), both the
spontaneously resistant colonies and the transformants were inoculated and
grown in 1 ml A+PY/kanamycin media (250 µg/ml) at 26 °C with shaking. Once
cultures became turbid, DNA was extracted as described above. Transformation
of the Tn5 marker into the mutants was verified by PCR using the Tn5KanR
primer set (Table 3). Tn5KanR primers were most efficient in verifying Tn5 after
transformation with a final primer concentration of 10 µM and using GoTaq®
Green Master Mix. PCR products were confirmed by gel electrophoresis. For
the mutant isolate Roseovarius nubinhibens::Tn5 that was concurrently
assessed, PCR products were sequenced to confirm the presence of antibiotic
resistance cassettes contained in Tn5. Successfully transformed mutants were
isolated and stored cryogenically for later use.
Tn5-containing transformants were further tested for their antibiotic
resistance. A range of kanamycin, streptomycin, and double antibiotic
concentrations was tested on marine media. Mutant isolates were spread plated
and compared for antibiotic resistance. Each tested concentration for mutant
isolate 45A6::Tn5 (Tn5-contaning) was found to be effective, and ultimately the
1000 µg/ml concentration was selected for experimentation.
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V. Gene Transfer Experiments
A. Purification of GTAs
The mutant 45A6::Tn5 was selected for use as the donor strain for
subsequent gene transfer experiments. The donor strain was reanimated from
cryogenic storage by inoculating 2 ml of culture into 98 ml of A+PY/kanamycin
(1000 µg/ml) and incubated at 26 °C while shaking for three days. GTAs were
harvested for purification at day three, the time of maximum GTA production for
this strain. The presence of GTAs was confirmed by epifluoresence microscopy,
as previously described.
GTAs were purified and concentrated according to standard protocols for
virus purification and concentration [128]. The GTAs were collected by
centrifugation for 10 minutes at 9,500 × g. The lysates were pooled and filtered
through both 0.8 µm and 0.2 µm pore size Nalgene® filter units (Fisher Scientific,
Suwanee, GA) to ensure cell debris removal. Two and half microliters per
millilter of RQ-1 DNase and 0.1 µl/ml RNase One (Promega, Madison, WI) were
added to the filtrate and incubated for 1 hour at room temperature to remove any
non-encapsidated nucleic acids [128]. The GTAs were then purified and
concentrated one of two different ways; either by the Amicon Centriplus™
concentrator (Millipore Corp., Bedford MA) according to the manufacturer’s
instructions or by using polyethene glycol (PEG) precipitation according to
Thurber et al. [127].
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Using the PEG protocol, sodium chloride with 1 M final concentration and
polyethylene glycol was at 10% weight per volume were added to the filtrate and
homogenized. After these additives were dissolved, the viral sample was
incubated in 50 mL centrifuge tubes on ice at 4 °C overnight. Following
incubation, the sample was pelleted by centrifugation at 9,500 × g, at 4 °C for 20
minutes. The supernatant containing the PEG was aspirated with a sterile
Pasteur pipette and the tubes were inverted and drained. The viral pellet was
suspended with 450 µl of Sodium Magnesium (SM) buffer [128] and incubated for
one hour to allow maximum GTA retrieval. The GTA suspension was placed in a
Phase Lock Gel™ tube (5 Prime, Gaithersburg, MD) and combined with an equal
volume of chloroform. The tube was gently mixed by inverting and subjected to
centrifugation according to the manufacturer’s instructions. The aqueous phase
of the tube containing the purified GTAs was aspirated into a fresh sterile tube.
The presence of GTAs was verified and the concentrated GTAs were
enumerated as previously described. The concentrated GTAs were
subsequently utilized for gene transfer experiments.
B. Culture Experiments
1. Filter Matings
For gene transfer filter mating experiments in culture, the wild-type 45A6
(DNA recipient) was grown to log phase. Shortly before the cells were ready for
harvesting, the GTAs from 45A6::Tn5 were incubated with 0.25% vol of DNase
for 1 hour to eliminate the possibility of transformation. When the wild-type
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isolate was ready for harvest, 2 ml of the isolate were filtered in duplicate through
a 0.2 µm pore size × 47 mm polycarbonate filter. The filter was removed with
sterile forceps and placed spot side up on an A+PY agar plate. A volume of
GTAs was pipetted onto the spot of cells for the treatment. The volume of GTAs
was determined by the MOI desired, preferably an MOI of 1 and 10.
To obtain the MOI, the known GTA concentration was divided by the
known cell concentration of the wild-type isolate based on the A600 vs. cell
counts growth curve. The different MOIs were achieved one of two ways: either
by using the two GTA concentrations produced by the Centriplus™, or by using
the PEG concentrated GTAs and diluting them for the second MOI. Controls
were also filtered through 0.2 µm pore size × 47 mm filters: A+PY media only,
GTAs only, and 45A6 wild-type cells only. After each filter was placed on an
A+PY agar plate (no antibiotics), the plates were incubated at 26 °C for 24 hours.
After the incubation, the cells on the filters were re-suspended, diluted, and
plated as above.
C. Environmental Gene Transfer
1. Liquid Matings
Gene transfer experiments were performed over several years in a wide
variety of settings (Figure 4). Gene transfer to the natural microbial population
was conducted primarily via liquid matings. Several environmental parameters
were measured during each sampling: Temperature, salinity, and ambient
bacterial and viral concentrations. MOIs and ambient virus to bacteria ratios
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(VBR) were also calculated, representing environmental parameters. Natural
seawater samples were collected and filtered with 50 µm mesh to eliminate any
phytoplankton and other grazing organisms.
A series of experiments were performed by taking seawater samples
along a transect in Tampa Bay from August 2010 to May 2011: Old Tampa Bay
(Upper Tampa Bay, 27° 57’.5793N, 83° 39’ .2150W), Middle Tampa Bay (St.
Petersburg Pier, 27° 48’ .1930N, 82° 37’ .1768W) and Lower Tampa Bay (Fort
De Soto, 27° 37’ .0987N, 82° 43’ .2519W). Another study was performed on
USF’s research vessel R/V Bellows, sampling four different stations from Tampa
Bay and the Gulf of Mexico. These four stations were visited in February 2010
representing a gradient of trophic conditions and included; an area of south bay
water (station 2, 27º37’.368N 82º38’.241W), the oligotrophic Gulf of Mexico
(station 4, 27º42’.585N 83º27’.842W), an area of upwelling water in the Gulf of
Mexico (station 5, 27º41’.694N 84º05’.402W), and the Alafia River (station 7,
27º54’.464N 82º27’.368W). All of these samples were collected from surface
waters. Another natural sample collected for liquid mating was coral mucus
collected from the reef at the National Marine Sanctuary, adjacent to Looe Key
(24º 33’.138N, 81º 23’.028W) in April 2010 by Mote Marine research divers. Ten
milliliters of mucus containing seawater was homogenized by vortex and used as
the “natural seawater sample”.
Controls consist of purified GTAs plus sterile artificial seawater (ASW) and
a natural seawater sample plus SM buffer (the GTA diluent). Two to three
treatments were arranged in triplicate for a “high”, “mid”, and “low” MOI. Natural
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seawater samples were inoculated with GTAs or diluted GTAs. The volume of
ASW, natural seawater, and GTAs used was determined by an estimation of
MOI, from 0.1-10. The calculated MOIs were determined by ambient cell counts
and GTA counts with epifluorescence microscopy. The samples were placed in
50 mL conical tubes and were incubated at relative temperatures to the in situ
temperatures of collection for 24 hours. After the incubation, samples were
plated as above. The controls for plating` included: ASW only, SM buffer only,
GTAs only, several dilutions of the seawater sample only for viable cell counts
and spontaneous antibiotic resistance counts. Plates were incubated at 26 °C or
room temperature overnight.
Gene transfer experiments were also conducted in situ in the coral reef
environment, in the Florida Keys National Marine Sanctuary at Looe Key
(research only area). Similar experiments were done in September 2009 and
April 2010. Natural seawater samples were collected with 60 mL syringes above
the coral reef environment by free divers. One hundred milliliter samples were
added to gas-permeable, sterile Fenwal® Lifecell® Tissue Culture Flasks (Baxter
Healthcare Corp., Deerfield, IL 60015 USA, www.baxter.com) with the 60 mL
syringes [8].

One of the treatment bags held this natural sample and was

inoculated with 1 ml of purified 45A6::Tn5 GTAs. Controls included a bag with
100 ml of sterile ASW and 1 ml of GTAs, and 100 ml of the natural seawater
sample plus SM buffer. The bags were secured to a rope, fastened and
anchored on the reef by SCUBA divers, kept in a vertical position by a
submerged buoy (Figure 5). The line was in approximately 15-20 feet of water.
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The bags were left overnight for in situ incubation. After incubation, samples
were plated as above.

Figure 4. Map of Environmental Sample Sites for Liquid Matings. MODIS chlorophyll satellite
image of Florida coastal waters on February 10, 2010 showing locations of sampling stations
from onboard the R/V Bellows (pins with station numbers) and the site of the coral reef samplings
at Looe Key (pin labeled “L”). Inset of Tampa Bay with the three regions of water samplings
marked in red.
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Figure 5. In situ Liquid Mating in the Coral Reef Environment. Fenwal® Lifecell® Tissue
Culture Flasks in Looe Key, FL.

2. Coral Larval Settlement Experiments
Coral larval settlement experiments were performed with Porites
astreoides and Montastraea faveolata. P. astreoides were sampled in May 2010,
June 2010, April 2011, and June 2011. Coral colonies were collected by SCUBA
divers from Wonderland Reef in the Lower FL Keys (24'33.623N, 81'30.082W)
two days prior to each new moon. Samples were brought back to the wet
laboratory at Mote’s Tropical Research Laboratory in Summerland Key, FL and
placed into plastic bowls in a flowing seawater table (Figure 6). During the
occurrence of spawning, larvae flowed from the bowls into collection cups with
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180 µm mesh covering the bottom. Planula larvae were enumerated and
isolated the next morning using glass Pasteur pipettes.

Figure 6. Collection of Porites astreoides Colonies. (Left) Divers collecting coral colony
heads. (Right) Colony heads in plastic bowls where larvae flow into collection cups. (Pictures
provided by Dr. Kim Ritchie.)

Only one preliminary experiment was performed for M. faveolata in
September 2010. For this annual broadcast spawner, fine mesh nets with
collection jars were placed on different colonies at Chica Rocks of the Sanctuary
Preservation Area in the Middle FL Keys (24'54.245N and 080'36.885W). Egg
and sperm bundles were collected in the jars after spawning and brought back to
the wet laboratory at the Keys Marine Laboratory in Long Key, FL (Figure 7).
Once cross-fertilization occurred, the resultant larvae were retained in sterile
coolers with sterile filtered seawater. These larvae were grown to maturity for
five days prior to experimentation.
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Figure 7. Collection of Montastraea faveolata Egg and Sperm Bundles. (Left) Mesh net
overtop a coral colony. (Right) Collection cup atop the mesh net collecting egg and sperm
bundles. (Pictures provided by Dr. Kim Ritchie.)

For the settlement experiments, ten replicate sterile petri dishes were
prepared for each treatment. Each plate consisted of 20 larvae in 20 ml of sterile
seawater and a glass slide containing a biofilm produced by developing in the
natural reef environment for one to three weeks. Treatments were varied per
experiment as important factors were identified and included; a seawater control,
a marine broth or media control, purified and concentrated wild-type 45A6 GTAs,
inactivated 45A6 GTAs either from microwave or UV treatment, senescent GTAs,
HSIC phage, concentrated Tampa Bay VLPs, chloramphenicol (bacterial protein
synthesis inhibitor) plus GTAs, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU,
photosystem II metabolic inhibitor) plus GTAs, and 45A6 strain only. Inoculated
GTA concentration was consistent throughout the experiments, giving an
average final concentration of 2.45 × 107 GTAs/ml. Larvae were counted and
settlement was scored every 24 hours for up to 96 hours (Figure 8).
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Figure 8. Coral Larval Settlement Experimental Setup. (Top left, going clockwise) Biofilm on
a glass slide; Ten replicates per treatment containing biofilm glass slides and larvae in petri
plates; Attached or swimming P. astreoides larva; Settled P. astreoides larva. (Pictures provided
by Dr. Kim Ritchie.)

The nutrient media used for GTA production was analyzed for its effect on
larval settlement. Isolate 45A6 was grown to stationary phase, pelleted with
centrifugation, and the supernatant was filtered through a 0.02 µm pore size filter
to eliminate cells and viruses (spent media). Another inoculum of 45A6 was
grown to log-phase and 1 ml was re-inoculated into 30 ml of spent media and
into 30 ml of A+PY nutrient media. GTAs were verified and enumerated from
both culture media for comparison by SYBR Gold as described above.
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Gene transfer experiments were conducted in April and June 2011 to
determine if GTA-mediated transfer occurs within the microbial symbiont
communities associated with the larvae. To assess larval microbial association,
petri plates with 20 ml of sterile seawater were set up in triplicate. Treatments
included 20 larvae and purified 45A6::Tn5 GTAs, with the same final
concentration as for the settlement experiments. Two controls contained 20
larvae and the same volume of SM buffer, and 20 larvae with the same volume of
microwave exposed GTAs. To assess biofilm microbial association, 50 mL tubes
containing sterile ASW were used along with biofilm slides. Treatments and
controls were treated as previously described excluding the larvae. The water
column association experiment included the use of 50 mL tubes containing
seawater (water from the wet laboratory’s water table, pumped in from the sea) in
which the coral colonies were incubated. Again, treatments and controls were
as described above, excluding the larvae.
All experiments were incubated at room temperature for 24 hours. After
incubation, the larvae were either mixed by vortex to remove surface microbes or
disrupted with an electric Kontes Pellet Pestle® (Daigger® & Company Inc.,
Vernon Hills, IL). The biofilms were removed from each slide using a sterile
razor blade, placed back into the tubes with ASW, and mixed thoroughly by
vortex. GTA-treated samples were not only tested for gene transfer in these
experiments, their viable counts were also observed in comparison to microwave
exposed GTA-treated samples (control) or the ambient viable counts (control with
SM buffer). Plating was performed as described for the liquid matings above.
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D. Verification of Gene Transfer
After plating experiments, plates were monitored for growth over the
subsequent days. If the controls were free of contamination, any transferrants,
spontaneously antibiotic resistant controls, and viable count plates were
enumerated. Frequencies of spontaneous resistance and transformation or
transfer were calculated and determined by dividing the average number of
antibiotic resistance colony-forming units per ml (CFUs) by the average number
of viable recipient CFUs per ml. Proportions were calculated for the coral
microbial symbiont gene transfer experiments. Each CFU abundance from both
the treatment and the control was divided by the average viable CFU abundance
for both the treatment and the control, respectively.
When a statistically significant increase in antibiotic resistance was
observed in the bacterial colonies from the treatments (transferrants), both the
spontaneously resistant colonies and the transferrants were inoculated and
grown in 1 ml A+PY/kanamycin media (1000 µg/ml) at 28 °C with shaking. Once
cultures became turbid, DNA was extracted as described above. When a
statistically significant increase in GTA-treated viable colonies from coral
microbial symbiont experiments was observed, both the control viable colonies
and the GTA-treated viable colonies were inoculated and grown as above. Once
cultures became turbid, DNA was extracted using the Phire® Hot Start II
Polymerse kit (Thermo Fisher Scientific/Finnzymes, Suwanee, GA), according to
the manufacturer’s instructions.
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Several Tn5 primers were designed and tested, targeting variable DNA
regions in the Tn5 marker (Table 3). Tn5 StrepK primers, which amplify the
streptomycin phosphotransferase, or streptomycin kinase gene from the
streptomycin cassette of the Tn5 transposon, were the most successful for Tn5
amplification after gene transfer. GoTaq® Green Master Mix was used with the
final Tn5 StrepK primer concentration of 100 µM.
Positively amplified products from gene transfer experiments were purified
with the Zymo DNA Clean-Concentrator™ kit. The PCR amplicons were TA
TOPO cloned into the pCR®II-TOPO® Dual Promoter vector according to the
manufacturer’s instructions (Invitrogen™ Life Technologies, Carlsbad, CA). Any
subsequent white colonies, and a blue colony which does not contain the insert,
were isolated for purity. Colonies were then inoculated into 3 ml of
LB/kanamycin (50 µg/ml) and incubated overnight at 37 ºC with shaking.
The plasmids were extracted using the Zippy Plasmid® MiniPrep Kit.
Correct insertion of the plasmids was confirmed using PCR. GoTaq® Green
Master Mix and M13 primers were used with a final concentration of 100 µM
(Table 3). Sequence analysis was then performed on the plasmids by the
University of Florida DNA Sequencing Core Lab. Sequences were analyzed
using Sequencher 4.5 (Gene Codes Corp., Ann Arbor, MI). The sequences were
then aligned with the target gene in MEGA 4.0 (Molecular Evolutionary Genetics
Analysis software) [133]. The nucleotides were observed for exact matches of
the inserted gene.
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The extracted DNA from the Tn5 gene-containing environmental isolates
were subjected to PCR for 16S rRNA gene amplification to verify bacterial
identities. GoTaq® Green Master Mix and 16S primers [134] with a final
concentration of 100 µM were used (Table 3). Upon the verification of PCR
products using gel electrophoresis, 16S rRNA amplicons were purified, cloned,
and sequenced as described above. Sequences were then analyzed for their
bacterial identities by using the nucleotide BLAST database from the National
Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). The
extracted DNA from the control and GTA-treated viable colonies were subjected
to PCR for 16S rRNA gene amplification and cloning as described above. Single
pass sequencing was performed on each amplicon with the forward primer, and
phylogenic affiliation was assigned based on sequence comparison against
Ribosomal Database Project (RDP) and GenBank database.
VI. Statistics
Statistical significance of environmental gene transfer experiments was
determined by comparing treatment and control counts (CFUs/ml) based on a Pvalue. Statistical analysis was performed using either One-Way ANOVA with
Tukey’s post-hoc test at a 95% confidence interval in Microsoft Excel or in the
Minitab v 15 statistical software package (www.minitab.com). Statistical
significance of coral microbial symbiont gene transfer experiments was
determined by comparing proportions between each treatment and each control
based on a P-value. Statistical analysis was performed using a one-tailed
student’s t-test with a 95% confidence interval in the Minitab v 15 statistical
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software package. Statistical significance of increasing MOI was determined by
creating a linear regression based on a R2-value. Gene transfer frequencies or
percent changes [(Treated CFUs/ml-spontaneous CFUs/ml)/(spontaneous
CFUs/ml)×100] from statistically significant gene transfer experiments were
compared to measured environmental parameters by multiple regression
analysis. Stepwise regression was used to determine significant parameters
affecting gene transfer frequencies using F-value of 4 to enter or remove a
parameter from the best-fit model.
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RESULTS:
I. Putative GTA Production and Growth Curves
The 12 alpha proteobacteria isolates from Table 2 were monitored over
time for growth rates and putative GTA production, defined as spontaneous VLP
production in stationary phase growth, using both epifluoresence microscopy and
flow cytometry. Six of the 12 isolates were initially enumerated using
epifluoresence microscopy: 44A11, 45A1, 44G3, 44B9S, 45A6, and 44E6. Due
to large standard deviations, counts were subsequently repeated and completed
for the 12 isolates with flow cytometry. The peak hour of viral production as well
as the viral abundance often varied between the two enumeration methods. The
flow cytometry counts resulted in lower standard deviations between the true and
pseudo-replicates. Consequently, enumeration by flow cytometry was chosen as
the method used here after. The hour of peak viral production from the 12
isolates varied between 24 hours and 144 hours of isolate growth, occurring most
commonly at 72 and 96 hours (Table 4). Eleven of the 12 isolates produced
putative GTAs in stationary phase. The range of peak viral abundances for the
12 isolates was from 1.80 × 108 to 5.81× 109 VLPs/ml (Table 4).
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Figure 9. Ruegeria mobilis ID 45A6 VLP Production. A) Epilfluorescence Microscopy
8
Counts. Peak viral production at 72 hrs. (day 3), 2.20 × 10 VLPs/ml. B) Flow Cytometry
8
Counts. Peak viral production at 72 hrs. (day 3), 7.07 × 10 VLPs/ml.
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Figure 10. Stappia sp. ID 44E6 VLP Production. A) Epilfluorescence Microscopy Counts.
9
Peak viral production at 144 hrs. (day 6), 1.51× 10 VLPs/ml. B) Flow Cytometry Counts. Peak
8
viral production at 72 hrs. (day 3), 5.16 × 10 VLPs/ml.
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Figure 11. Rhodobacteraceae/Roseobacter ID 45A1 VLP Production. A) Epilfluorescense
8
Microscopy Counts. Peak viral production at 120 hrs. (day 5), 3.17 × 10 VLPs/ml. B) Flow
9
Cytometry Counts. Peak viral production at 24 hrs. (day 1), 1.1 × 10 VLPs/ml.
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Figure 12. Roseivivax halotolerans ID 44A11 VLP Production. Peak viral production at 192
7
hrs. (day 8), 3.40 × 10 VLPs/ml. A) Epilfluorescense Microscopy Counts. B) Flow
8
Cytometry Counts. Peak viral production at 144 hrs. (day 6), 1.56 × 10 VLPs/ml.
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Figure 13. Thalassospira sp. ID 44G3 VLP Production. A) Epilfluorescence Microscopy
8
Counts. Peak viral production at 48 hrs. (day 2), 2.80 × 10 VLPs/ml. B) Flow Cytometry
8
Counts. Peak viral production at 48 hrs. (day 2), 5.24 × 10 VLPs/ml.
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Figure 14. Nitratireductor kimnyeongense/ Mesorhizobium sp. ID 44B9s VLP Production.
8
A) Epilfluorescent Microscopy Counts. Peak viral production at 168 hrs. (day 7), 4.00 × 10
9
VLPs/ml. B) Flow Cytometry Counts. Peak viral production at 72 hrs. (day 3), 3.20 × 10
VLPs/ml.
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Figure 15. Labrenzia aggregate ID 44C2f VLP Production: Flow Cytometry Counts. Peak
8
viral production at 48 hrs. (day 2), 5.80 × 10 VLPs/ml.

Figure 16. Stappia sp. ID 44B9f VLP Production: Flow Cytometry Counts. Peak viral
8
production at 96 hrs. (day 4), 9.5 × 10 VLPs/ml.
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Figure 17. Roseobacter/Rhodobacteraceae ID 44C2s VLP Production: Flow Cytometry
Counts. Peak viral production at 96 hrs. (day 4), 5.81 × 109 VLPs/ml.

Figure 18. Stappia sp. ID 45B2 VLP Production: Flow Cytometry Counts. Peak viral
8
production at 24 hrs. (day 1), 3.94 × 10 VLPs/ml.
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Figure 19. Stappia sp. ID 44D2 VLP Production: Flow Cytometry Counts. Peak viral
8
production at 96 hrs. (day 4), 1.80 × 10 VLPs/ml.

Figure 20. Roseobacter sp. ID 44A6s VLP Production: Flow Cytometry Counts. Peak viral
production at 72 hrs. (day 3), 5.11 × 108 VLPs/ml.

II. Verification of GTAs
Several different methods were utilized verifying that the particles
produced were GTAs. Firstly, each of the twelve isolates was screened for the
presence of the GTA terminase gene using PCR with purified chromosomal DNA
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and terminase specific primers. All 12 isolates had positive PCR amplification for
the terminase gene. Three of the 12 isolates’ amplicons were weakly positive
(44B9s, 44C2s, and 44A11, Table 4 and Figure 21) The presence of the
terminase gene indicates a GTA-containing isolate. A putative GTA region in the
genome of isolate 45A6 was discovered after sequencing the isolate’s genome
(Figure 22).
To further assess the isolates for the presence of GTAs, prophage
induction experiments were utilized. Isolate 45A6 was chosen for prophage
induction experiments because of its observed gene transfer capabilities.
Duplicate prophage induction experiments gave positive results for mitomycin C
induced prophages. The first induction resulted in an average of 2.13 × 108
VLPs/ml compared to the control producing 4.87 × 107 VLPs/ml (Figure 23 A).
The second induction produced 3.12 × 109 VLPs/ml compared to the control
resulting in 6.76 × 108 VLPs/ml (Figure 23 B). To distinguish the prophage from
the GTA, viral DNA was extracted from isolate 45A6 and mutant 45A6::Tn5.
From isolate 45A6, both GTA and prophage DNA were analyzed by gel
electrophoresis. The size of 45A6 GTA’s DNA was calculated to be
approximately 1035 bp in length. The mutant 45A6::Tn5 GTA’s DNA was
determined to be 945 bp in length. The size of the 45A6 prophage genome was
estimated to be approximately 17,635 bp in length and the image revealed
putative GTA DNA as well (Figure 24).
Transmission electron microscopy analysis was performed on the putative
GTAs in the alpha proteobacteria isolates to ascertain the morphology of the
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particles. Putative GTAs from five isolates (45A6, 44E6, 45A1, 44A11, and
44B9s) can be visualized in Figure 25.

Figure 21. GTA Terminase Gene Amplification for 12 α-Proteobacteria Isolates. Lane 1,
100 bp ladder; Lane 2, negative control (PCR water); Lane 3, 44G3; Lane 4, 44B9s; Lane 5,
44B9f; Lane 6, 44C2f; Lane 7,44C2s; Lane 8, 44D2; Lane 9, 44A6s; Lane 10,44A11; Lane 11,
45A1; Lane 12, 45A6; Lane 13, 45B2; Lane 14, 44E6; Lane 15, positive control (Roseovarius
nubinhibens).

Figure 22. Putative Ruegeria mobilis (45A6) GTA. The terminase large subunit, gene transfer
protein, hypothetical host specificity gene, and serine O-acetyltransferase are all representative of
GTAs. However, many GTA ORFs are missing.
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Figure 23. 45A6 Mitomycin C Prophage Induction. A and B are duplicate experiments. Error
bars represent standard deviation between triplicate epifluoresence microscopy counts.

61

Figure 24. 45A6 GTA and Prophage DNA. A) 45A6 Wild-type GTA DNA. Lane 1, 100 bp
ladder; Lane 2, blank; Lane 3, Lambda phage DNA; Lane 4, blank; Lane 5, 45A6 GTA DNA; Lane
6, blank; Lane 7, Lambda Hind III ladder. B) 45A6::Tn5 GTA DNA. Lane 1, 100 bp ladder; Lane
2, Lambda phage DNA; Lane 3, Lamda Hind III ladder; Lane 4, 45A6::Tn5 GTA DNA. C) 45A6
Prophage DNA. Lane 1, Lambda Hind III ladder; Lane 2, Lambda phage DNA; Lane 3, 45A6
prophage DNA
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Figure 25. TEM Images of Putative GTAs from alpha Proteobacteria Isolates. (top left going
clockwise): 45A6, 44E6, 45A1, 44A11, and 44B9s. Each scale is 50 nm.

III. Verification of Tn5
The examination for possible presence of genes similar to Tn5 in the 12
alpha proteobacteria wild-type isolates was performed using PCR. The analysis
resulted in amplification of a PCR product with Tn5 specific primers from isolates
44C2f and 44D2, making them unsuitable for use as potential donor strains of
Tn5. The remaining ten wild-type isolates were subsequently candidates to be
transformed. Five of these isolates were subjected to transformation (Table 4).
Four isolates were positive for transformation and DNA was extracted from
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transformed and spontaneously antibiotic resistant colonies. Their DNA was
subjected to PCR to verify the Tn5 transposon insert in the transformants. The
insert was verified in 22 colonies from transformants of isolate 45A6. Moreover,
no spontaneous kanamycin resistant colonies amplified for Tn5 from 45A6. As a
result, the mutant isolate 45A6::Tn5 was chosen for experiments.
Table 4. Summary of Alpha Proteobacteria Wild-Type Strains

ND* indicates not determined
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IV. Gene Transfer Experiments
A. Culture Experiments
1. Filter Matings
45A6::Tn5 GTA-mediated gene transfer to the 45A6 wild-type isolate via
filter mating had significant results with an MOI of 1 (P-value of 0.002, Figure
26).

There were 3.23 × 103 CFUs/ml that were spontaneously kanamycin

resistant with a spontaneous frequency of 3.73 × 10-7. The MOI of 1 had a gene
transfer frequency of 6.20 × 10-7 and abundance concentration of 5.37 × 103
CFUs/ml. In a duplicate filter mating, the MOI of 1 was significant with a gene
transfer frequency of 7.05 × 10-8 and an abundance of 1.67 × 104 CFUs/ml. The
spontaneous kanamycin resistant frequency was 1.64 × 10-8 and there were 3.90
× 103 spontaneously kanamycin resistant CFUs/ml (P-value=0.0048, Figure 27).
B. Environmental Gene Transfer
1. Liquid Matings
The liquid matings performed on the research vessel R/V Bellows in
February 2010 provided several significant results. The Alafia River sample
(station 7) had an average of 8.00 × 101 CFUs/ml that were spontaneously
kanamycin resistant with a frequency of 1.2 × 10-2. The high MOI (0.06) resulted
in 4.74 × 103 CFUs/ml with a transfer frequency of 7.11 ×10-1 (P-value<0.001,
Figure 28).
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Figure 26. 45A6::Tn5 GTA-Mediated Gene Transfer to 45A6 Wild-Type-1. MOI of 1 was
significant with a P-value of 0.002.

Figure 27. 45A6::Tn5 GTA-Mediated Gene Transfer to 45A6 Wild-Type-2. MOI of 1 was
significant with a P-value of 0.0048.
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Table 5. Environmental and Experimental Parameters for Significant Gene
Transfer Experiments.
Site/Environment/
Selective Media
Mouth of Alafia River
Natural PopulationHighMOI/Kan
Mouth of Tampa
Bay Natural
PopulationHighMOI/Kan
Mouth of Tampa
Bay Natural
PopulationOligotrophic Gulf of
Mexico Natural
PopulationHighMOI/Kan
Gulf of Mexico
Offshore Upwelling
Natural PopulationHighMOI/Kan
Gulf of Mexico
Offshore Upwelling
Natural PopulationLowMOI/Kan
Upper Tampa Bay
Natural PopulationHighMOI/Kan
Upper Tampa Bay
Natural PopulationMidMOI/Kan
Middle Tampa Bay
Natural PopulationHighMOI/Kan
Middle Tampa Bay
Natural PopulationMidMOI/Kan
Lower Tampa Bay
Natural PopulationHighMOI/Kan
Lower Tampa Bay
Natural PopulationMidMOI/Kan
Lower Tampa Bay
Natural PopulationHighMOI/Kan
Looe Key Reef
Natural PopulationHighMOI/Kan
Looe Key Reef
Natural PopulationHighMOI/Kan/Strep
Keys Coral Mucus
Mating-Kan

Date

Temp. Salinity

GTA
GTA Dose
Ambient Ambient
Virus Bacteria VBR concentration (GTAs per
(GTAs per ml) experiment)
(per ml) (per ml)

MOI

GTASpont.
mediated % Change
Frequency
Frequency

20

27

1.50E+08 5.01E+06 29.9

8.97E+09

3.59E+08

0.06

1.19 x 10-2 7.11 x 10-1

5887.5

16

34

1.04E+08 2.50E+06 41.6

8.97E+09

3.59E+08

0.09

4.29 x 10-2 3.03 x 10-1

603.49

16

34

1.04E+08 2.50E+06 41.6

8.97E+09

1.13E+05

3E-05 4.29 x 10-2 2.61 x 10-1

504.65

2/9/2010

16

39

3.71E+07 1.33E+06 27.9

8.97E+09

3.59E+08

0.24

2/9/2010

16

39

2.37E+07 1.23E+06 16.5

8.97E+09

3.59E+08

0.44

2/9/2010

16

39

2.37E+07 1.23E+06 16.5

8.97E+09

1.13E+05

2/14/2011

23

30

2.69E+08 7.22E+06 37.3

3.17E+09

3.17E+09
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4.39 x 10-2 8.80 x 10-1

1905.41

2/14/2011

23

30

2.69E+08 7.22E+06 37.3

3.17E+09

1.59E+09

8.8

4.39 x 10-2 1.72 x 10-1

291.89

8/5/2010

36

26

1.65E+09 8.70E+07 18.4

2.33E+10

2.33E+10

6.6

2.63 x 10-2 1.79 x 10-1

621.48

8/5/2010

36

26

1.65E+09 8.70E+07 18.4

2.33E+10

2.33E+09

0.66

2.63 x 10-2 7.43 x 10-2

182.55

10/20/2010

27

35

ND

ND

ND

3.53E+09

1.77E+09

0.84

1.28 x 10-3 7.11 x 10-3

455.02

10/20/2010

27

35

ND

ND

ND

3.53E+09

1.77E+09

0.28

1.28 x 10-3 4.71 x 10-3

268.42

5/4/2011

29

36

3.75E+08 1.05E+07 35.71

1.72E+10

1.72E+09

8.2

2.86 x 10-3 7.64 x 10-3

67

28

ND

2.34E+07 1.16E+06 20.2

6.58E+09

6.58E+09

57

4.6 x 10-4 1.07 x 10-1

23164

28

ND

2.34E+07 1.16E+06 20.2

6.58E+09

6.58E+09

57

BDL

4.89 x 10-5

ND

23.3

ND

9.82E+09

9.82E+08

ND

ND

ND

1758.31

2/9/2010

2/8/2010

2/8/2010

9/29/2009

9/29/2009
4/6/2010

ND

ND

ND

0

6.67 x 10-3 2.21 x 10-1

0.0009 6.67 x 10-3 6.67 x 10-2

*ND indicates not determined, VBR=Ambient Viral to Ambient Bacterial Ratio
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1.60 x 100

ND*

3208.27
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Figure 28. 45A6::Tn5 GTA-Mediated Gene Transfer in Alafia River Water. MOI 0.06 is
significant, P<0.001.

The sample from south Tampa Bay water (station 2) had 1.72 × 103
spontaneously kanamycin resistant CFUs/ml, giving a spontaneous frequency of
4.29 × 10-2. The high MOI (0.09) resulted in an abundance of 1.21 × 104
CFUs/ml and a transfer frequency of 3.03 × 10-1 (P-value=0.0025). The low MOI
(3 × 10-5) resulted in an abundance of 1.04 × 10 4 CFUs/ml and a transfer
frequency of 2.61 × 10-1 (P-value=0.0025, Figure 29).
Significant gene transfer occurred with the high MOI (0.24) in the
oligotrophic water sample from the Gulf of Mexico (station 4). This GTA
treatment resulted in an abundance of 3.20 × 102 CFUs/ml and a transfer
frequency of 1.60 ×100. Such a high transfer frequency was attributed to the
absence of any spontaneously kanamycin resistant colonies (Figure 30).
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Figure 29. 45A6::Tn5 GTA-Mediated Gene Transfer to South Tampa Bay Water. MOI
0.00003 and MOI 0.09 are significant, P=0.0025

Figure 30. 45A6::Tn5 GTA-Mediated Gene Transfer in Oligotrophic Water of Gulf of Mexico
(GOM). MOI 0.24 is significant.
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Significant gene transfer with an MOI of 0.44 and an MOI of 9 × 10-4
occurred in an upwelling region in the Gulf of Mexico (station 5). The high MOI
had a transfer frequency of 2.20 × 10-1, resulting in 4.40 × 102 CFUs/ml (Pvalue=0.0014). The low MOI had a transfer frequency of 6.67 × 10-2, resulting in
an abundance of 1.33 × 102 CFUs/ml (P-value=0.0014). The spontaneous
antibiotic resistant frequency was determined to be 6.67 × 10-3 with an
abundance of 1.33 × 101 CFUs/ml (Figure 31).

Figure 31. 45A6::Tn5 GTA-Mediated Gene Transfer in Upwelling Water in the Gulf of
Mexico. MOI 0.0009 and MOI 0.44 are significant, P=0.0014.

Gene transfer in a sample from Upper Tampa Bay had significant results
in February 2011. This was one experiment from triplicate attempts. The mid
MOI (8.8) had a transfer frequency of 1.72 × 10-1 and 1.45 × 105 CFUs/ml (Pvalue<0.0001). The high MOI (44) had a transfer frequency of 8.80 × 10-1 and
7.42 × 105 CFUs/ml (P-value<0.0001). The spontaneous antibiotic resistant
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frequency was 4.39 × 10-2 and there were 3.70 × 104 spontaneous CFUs/ml. The
gradient of MOIs had a significant effect on gene transfer in the Upper Tampa
Bay sample and resulted in an R2-value of 0.9972 (Figure 32).

Figure 32. A) 45A6::Tn5 GTA-Mediated Gene Transfer in Upper Tampa Bay Water. MOI 8.8
and MOI 44 are significant, P<0.0001. B) Effect of MOI on Gene Transfer in Upper TB Water.
2
R =0.9972.
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Gene transfer in Middle Tampa Bay was significant for one of the triplicate
experiments. The mid MOI (0.66) and high MOI (6.6) from the experiment in
August 2010 had significant results. The mid MOI resulted in a transfer
frequency of 7.43 × 10-2 and 8.42 × 103 CFUs/ml (P-value<0.0001). The high
MOI resulted in a transfer frequency of 1.79 × 10-1 and 2.15 × 104 CFUs/ml (Pvalue<0.0001). The spontaneous antibiotic resistant frequency was 2.63 × 10-2
and the average spontaneous counts were 2.98 × 103 CFUs/ml. The gradient of
MOIs in this experiment had a significant effect on gene transfer, resulting in an
R2-value of 0.966 (Figure 33).
Gene transfer experiments in lower Tampa Bay had statistically significant
results for two of the triplicate experiments in October 2010 and May 2011. In
October, the mid MOI (0.28) produced 7.70 × 103 CFUs/ml with a transfer
frequency of 4.71 × 10-3 (P-value<0.0001). The high MOI (0.84) resulted in 1.16
× 104 CFUs/ml with a transfer frequency of 7.11 × 10-3 (P-value<0.0001). The
spontaneous antibiotic resistance frequency was 1.28 × 10-3 and the
spontaneous forming colonies were 2.09 × 103 CFUs/ml. The gradient of MOIs
was significantly correlated with the number of transferrants (R2-value=0.9127,
Figure 34). In May 2011, the high MOI (8.2) resulted in significant gene transfer
with a transfer frequency of 7.64 × 10-3 and an abundance of 6.03 × 103 CFUs/ml
(P-value=0.0036). The spontaneous kanamycin resistance frequency was 2.86 ×
10-3, resulting in 3.61 × 103 CFUs/ml (Figure 35).
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Figure 33. A) 45A6::Tn5 GTA-Mediated Gene Transfer in Middle Tampa Bay Water. MOI
0.66 and MOI 6.6 are significant, P<0.0001. B) Effect of MOI on Gene Transfer in Middle TB
2
Water. R =0.966.
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Figure 34. A) 45A6::Tn5 GTA-Mediated Gene Transfer in Lower Tampa Bay Water-1. MOI
0.28 and MOI 0.84 are significant, P<0.0001. B) Effect of MOI on Gene Transfer in Lower TB
2
Water. R =0.9127.
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Figure 35. 45A6::Tn5 GTA-Mediated Gene Transfer in Lower Tampa Bay Water-2. MOI 8.2,
P=0.0036.

Gene transfer for both single and double antibiotic resistance was
significant in the Looe Key in situ experiment in September 2009. The average
number of spontaneous kanamycin resistant cells from natural seawater of Looe
Key was 5.33 × 102 CFUs/ml with a spontaneous frequency of 4.6 ×10-4. The
average number of transferrants was 1.24 × 105 CFUs/ml, giving a transfer
frequency of 1.07 × 10-1 (P-value<0.0001, Figure 36). The GTA-mediated
transfer of double antibiotic resistance (kanamycin and streptomycin) had a
transfer frequency of 4.9 × 10-5, resulting in 57 CFUs/ml (P-value= 0.054, Figure
36). There were no spontaneous colonies with double antibiotic resistance.
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Figure 36. A) 45A6::Tn5 GTA-Mediated Gene Transfer of Kanamycin Resistance in Looe
Key water. P<0.0001. B) 45A6::Tn5 GTA-Mediated Gene Transfer of
Kanamycin/Streptomycin Resistance in Looe Key water. P=0.054.

Gene transfer in coral mucus from Looe Key in April 2010 had significant
gene transfer results with an average spontaneous kanamycin resistant
abundance of 3.67 × 102 CFUs/ml and an average abundance of transferrants of
6.82 × 103 CFUs/ml (P-value=0.01, Figure 37). An accurate frequency of
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spontaneous antibiotic resistance and gene transfer could not be expressed
because the viable colonies from the mucus were too numerous to count.

Figure 37. 45A6::Tn5 GTA-Mediated Gene Transfer in Coral Mucus of Looe Key. P=0.01.

2. Statistics
A multiple regression analysis was performed for the significant
experiments using parameters from Table 5. A multiple regression equation was
developed with GTA-mediated frequency as the dependent variable and MOI,
salinity (S), spontaneous kanamycin resistance frequency (spont.), and
temperature (T) as the independent variables. Each of these independent
variables individually was a statistically significant parameter. The equation
[y=0.016(MOI)-0.0618(S‰)-7.47(spont.)-0.039(T)+3.24 (F-Ratio=28.2, P=
0.0001, R2= 93.4%)] suggests that salinity, spontaneous kanamycin resistance
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Figure 37. Summary of Gene Transfer Frequencies. A) Mouth of South Tampa Bay (MTB),
oligotrophic waters of the Gulf of Mexico (OGOM), offshore upwelling waters of the Gulf of Mexico
(GOMUPW), and the mouth of the Alafia River (AR). Statistically significant transfer frequencies
(starred) ranged from 5.0E-05 to 1.6E0. The MOIs from significant experiments ranged from
0.00003 to 57. B) Upper Tampa Bay (Up.TB), Middle Tampa Bay (MdTB), and Lower Tampa Bay
(LoTB). Transfer of kanamycin resistance frequencies were determined by the number of
kanamycin resistant CFUs, divided by the number of total viable CFUs. Statistically significant
transfer frequencies (starred) ranged from 4.71E-03 to 8.80E-01. MOIs from significant
experiments ranged from 0.28 to 44.0.

78

frequency, and temperature are inversely related to GTA-mediated frequency.
MOI is positively correlated to GTA-mediated frequency.
A multiple regression equation was also developed with % change
[(Treated CFUs-spontaneous CFUs)/(spontaneous CFUs)*100] as the dependent
variable and salinity, spontaneous kanamycin resistance frequency, and
temperature as the independent variables. These independent variables were
the most statistically significant parameters tested. The equation [y= 483.69(S‰)-90569.8(spont.)-295.86(T)+25919.5 (F-Ratio=13.85, P=0.0010,
R2=82.2%)] suggests that salinity, spontaneous kanamycin resistance frequency,
and temperature are all inversely related to percent change.
Step-wise regression analysis was also performed. This model indicates
that the parameters most explanatory of increasing GTA-mediated gene transfer
frequency are the combined parameters of decreasing salinity (P-value=0),
decreasing temperature (P-value=0), decreasing spontaneous kanamycin
resistance frequency (P-value=0.001), increasing MOI (P-value=0), and
increasing GTA concentration (P-value=0.002). These combined parameters
had an adjusted R2-value of 0.9912. When analyzing all the insignificant
experiments only as well as both significant and insignificant experiments
together with statistical modeling, no correlations between any parameters were
found.
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C. Verification of Gene Transfer
After DNA was extracted from both spontaneously antibiotic resistant and
GTA-treated colonies from statistically significant experiments, gene transfer of
the Tn5 transposon was verified by PCR. Many of these colonies were incapable
of growth in the laboratory or the extracted DNA from colonies that grew was
often impure. The Tn5KanR primers that were utilized to amplify Tn5 after
transformation became inconsistent when using them to verify gene transfer.
They were determined to be non-specific in natural bacterial assemblages,
amplifying areas of the genome other than the target gene. When cloned and
sequenced the non-specific amplicons were found to be similar to
phosphotransferase enzymes. Four other primer sets were developed, targeting
the kanamycin resistant site, the kanamycin resistant active site, the bleomycin
resistant site, and the streptomycin resistant site (Table 3). The Tn5Npt2 primer
set resulted in non-specific amplification, amplifying multiple bands per one DNA
sample and demonstrating amplification in the wild-type isolates without Tn5.
The Tn5NptActive primer set did not work all together. The Tn5Bleo primer set
was inconsistent in targeting the Tn5 insert in the mutant isolates tested as well
as insufficient in targeting the Tn5 insert in gene transfer recipients.
The Tn5StrepK primer set targeted the Tn5 insert in the mutant isolates
tested and had the highest success in targeting the Tn5 insert in gene transfer
recipients. In initial experiments amplification was observed in recipients but not
in spontaneous antibiotic revertants. Although this primer set was the most
successful, the Tn5StrepK primer set eventually showed some non-specific
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amplification, showing products in spontaneously antibiotic resistant colonies and
less frequently amplifying the insert in the gene transfer recipients (Table 6).
The gene transfer recipients and spontaneously antibiotic resistant colonies that
amplified for the Tn5 insert were cloned, sequenced, and aligned with the target
gene. The amplified PCR products for the gene transfer recipients did not
always align with the target gene, and the products for the spontaneously
antibiotic resistant colonies sometimes did align with the target (Table 6). Those
gene recipients’ products that successfully aligned with the target gene were then
subjected to PCR targeting 16S rRNA gene amplification, cloned, and sequenced
to verify bacterial identities. The preeminent 16S identities from the nucleotide
database are from the orders Flavobacteriales, Cytophagales, and
Actinomycetales (Table 7).
V. Coral Larval Settlement
Experiments were conducted to observe the effect of GTAs on coral larval
settlement with two species of coral: Porites astreoides and Montastraea
faveolata. Three of the four coral larval settlement experiments using P.
astreoides larvae demonstrated a statistically significant increase in larval
settlement with GTA treatment in comparison to controls. One experiment that
did not display a statistically significant increase in settlement when treated with
GTAs could have been attributed to two factors. The larvae were a few days old
when utilized for experimentation and the glass slides hosting biofilms were
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Table 6. Success of Tn5StrepK Primers

Date of Experiment/
Site
February 14, 2011/
Upper Tampa Bay
February 14, 2011/
Upper Tampa Bay
February 14, 2011/
Upper Tampa Bay
August 5, 2010/
Middle Tampa Bay
August 5, 2010/
Middle Tampa Bay
October 20, 2010/
Lower Tampa Bay
October 20, 2010/
Lower Tampa Bay
October 20, 2010/
Lower Tampa Bay
May 4, 2011/
Lower Tampa Bay
May 4, 2011/
Lower Tampa Bay

Treatment

# of Aligned
# of PCR
# of Sequences that
Sequences
Amplicons/
Do Not Align
that Target Tn5
#Samples
with Tn5 StrepK
StrepK

Spontaneous

4/31

3

1

Mid MOI (8.8)

6/35

2

4

High MOI
(43.9)

0/3

0

0

Spontaneous

1/1

1

0

High MOI
(6.6)

17/67

10

7

Spontaneous

13/18

1

12

12/18

0

12

16/28

4

12

5/26

4

1

1

1

Mid MOI
(0.28)
High MOI
(0.84)
Spontaneous
High MOI
(8.2)

2/20

developed for just one week due to time conflicts. Only one experiment using M.
faveolata was performed and also demonstrated increased settlement with GTA
treatment. The GTAs used in these experiments were from 45A6 wild-type
isolate. Analysis of GTA production in nutrient-free media (spent media) versus
nutrient media assured that soluble compounds in nutrient media used in
experiments did not increase GTA production and larval settlement.
The experimental design included ten replicates for each experimental
treatment or control. Each sample contained a biofilm on a glass slide’s surface
(allowed to develop for three weeks), 20 ml of sterile filtered seawater, and 20
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Table 7. Gene Transfer Recipients in the Natural Marine Environment.

*This data published in [71].
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larvae (newly spawned) contained in a sterile petri dish. For each treatment, the
number of larvae settled for each replicate was divided by the total number of
larvae per replicate. This resulted in a proportion settlement value. The
proportions were averaged per treatment and used for comparison in data
analysis.

Circumstances such as larval death and human error sometimes

resulted in a decrease in total larvae at each enumeration point. Inoculated GTA
concentration was consistent throughout the experiments, giving an average final
concentration of 2.45 x 107 GTAs/ml.
The first experiment in May 2010 only had two experimental treatments: a
sea water control and an inoculation with purified 45A6 GTAs. The mean
percent settled larvae for the GTA-treatment was significantly higher than the
mean percent settled larvae for the seawater control for each time point (24, 48,
72, and 96 hours, P-value=0.001, Figure 38).
After the initial observation of increased larval settlement with GTA
treatment, another experiment with P. astreoides in June 2010 was performed
using several different treatments for comparison. Treatments for this
experiment were a seawater control, marine broth control, the addition of purified
and concentrated wild-type 45A6 GTAs, inactivated 45A6 GTAs either from
microwave (MW) or UV treatment, HSIC phage, concentrated Tampa Bay VLPs,
chloramphenicol plus GTAs, DCMU plus GTAs, and the 45A6 strain only. For
each time point from 24 hours to 96 hours, the addition of GTAs resulted in an
increase of mean percent larval settlement in comparison to all of the controls
(Figure 39).
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Figure 38. Porites astreoides Larval Settlement-May 2010. Mean percent settled larvae.
Error bars represent standard deviation between 10 replicate treatments. P=0.001. (Experiment
performed by Dr. Kim Ritchie, Dr. Koty Sharp, and Allison Miller.)

Figure 39. Porites asteroides Larval Settlement-June 2010. The GTA-treatment at each time
point resulted in a significant increase in larval settlement. (Experiment performed by Dr. Kim
Ritchie and Allison Miller.)
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A coral larval settlement experiment was performed a third time in April
2011 with Porites astreoides. The treatments for this experiment were the
addition of SM buffer (GTA diluent), inactivated GTAs via microwave exposure,
and GTAs. Treatments were limited for this experiment due to limited number of
larvae. The time points for enumeration were 24, 48, and 72 hours. After
enumeration for settlement, data analysis again demonstrated a statistically
significant increase in mean percent larval settlement in the GTA treated larvae
at each time point in comparison to controls (P-value=0.0009, Figure 40).

Figure 40. P. astreoides Larval Settlement-April 2011. The addition of GTAs to the coral
larvae resulted in a significant increase in larval settlement. P=0.0009.

The second coral species used in settlement studies was M. faveolata.
Only one experiment with this species was performed in September 2010 due to
infrequent spawning events and difficulty in producing and collecting fertilized
larvae. The treatments for this experiment were a media control, the addition of
SM buffer, purified and concentrated wild-type 45A6 GTAs, “old” (senescent)
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GTAs, HSIC phage, concentrated Tampa Bay VLPs, chloramphenicol plus
GTAs, and the 45A6 strain only. Enumeration for larval settlement was only
completed at two time points (48 and 72 hours) due to initial microscope
malfunction. At both time points, the addition of GTAs had a significant increase
in mean percent larval settlement.

Figure 41. Montastraea faveolata Larval Settlement-September 2010. The GTA treatment
had a statistically significant increase in mean percent larval settlement at each time point.
GASW indicates glycerol artificial seawater (media control). (Experiment assisted by Dr. Kim
Ritchie and Allison Miller).

To further assess the effect GTAs have on coral, several gene transfer
experiments were conducted to determine if GTA-mediated transfer occurs within
the microbial communities associated with the larvae of P. astreoides. During
these experiments, the viable counts (no antibiotic pressure) of the treated
microbes and the microbes from the controls were compared. Statistical
significance was determined by comparing proportions of treatments and controls
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instead of frequencies because these experiments were the first to calculate with
GTA-treated viable ambient counts.
In April 2011, the GTAs had a significant effect on the biofilm-associated
microbial viable counts when compared to the viable counts of the SM buffertreated control. There were 4.27 × 106 viable CFUs/ml from the GTA-treated
sample and 2.24 × 105 viable CFUs/ml from the control (P-value<0.001, Figure
42). Eighty-four GTA-treated viable colonies’ identities were revealed. The
genus Vibrio comprised 88% of these colonies and the other 12% were
Pseudoalteromonas, Alteromonas,and Shewanella. Fourty-one percent of the 79
non-treated viable colonies were identified as Vibrio. The remaining 59% was
comprised of 12 other genera (Figure 46). Experiments in June 2011 further
demonstrated that the GTA-treatment produced a significant increase in biofilmassociated microbial viable CFUs/ml in relation to the microwave exposed GTAtreatment (control). There were 3.65 ×106 viable CFUs/ml from the control and
8.15 × 106 viable CFUs/ml from the GTA-treated sample (P-value=0.002, Figure
43). Gene transfer experiments were simultaneously conducted with these
experiments, but neither trial had significant gene transfer (ie. transfer of
antibiotic resistance markers) results.
Gene transfer to the larval microbial community as well as a comparison
of viable counts between the treatment and control were also observed in April
and June 2011. In April, there was no significant gene transfer to the larval
community, yet GTAs did have a significant effect on the viable counts when
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Figure 42. Biofilm-associated Microbial Viable Counts-April 2011. Significant increase in
GTA-treated viable CFUs/ml (P<0.001). Gene transfer of antibiotic resistance correlated to this
experiment was not significant.

Figure 43. Biofilm-associated Microbial Viable Counts-June 2011. Significant increase in
GTA-treated viable CFUs/ml (P=0.002). Gene transfer correlated with this experiment was not
significant.
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compared to the viable counts of the SM buffer-treated control. There were 6.94
× 105 viable CFUs/ml from the control and 4.29 × 106 viable CFUs/ml from the
GTA treatment (P-value<0.001, Figure 44). The eighty-seven GTA-treated
larvae associated viable microbes were identified as predominately Vibrio (85%),
with Pseudoalteromonas and Alteromonas comprising the other 15%. The
eighty-one non-treated microbes predominately consisted of Vibrio (82%) and
included four other genera (Figure 46). In June, there was significant gene
transfer of double antibiotic resistance (kanamycin/streptomycin) to the larvalassociated microbes by proportion, but no significant increase in GTA-treated
viable counts. The gene transfer experiment resulted with a transfer frequency of
5.01 × 10-4 and an abundance of 1.30 × 103 CFUs/ml (P-value<0.001). The
spontaneously double antibiotic resistant frequency was 8.96 × 10-5 and there
were 3.26 × 102 spontaneous CFUs/ml (microwave exposed GTA-treated,
Figure 45).
Microbes residing in the water column where the larvae were spawned
were also observed to determine which microbial symbiont associated with coral
can receive genes from GTAs. These microbes were exploited for both gene
transfer and a comparison of viable colonies from the GTA treatment and the
control in April 2011. The spontaneous kanamycin resistant CFUs/ml (SM buffertreated) had an abundance of 3.11 × 102 and a spontaneously resistant
frequency of 1.16 × 10-3. The transfer of kanamycin resistance resulted with 3.30
× 104 CFUs/ml and a transfer frequency of 1.70 × 10-2 (P-value<0.001, Figure
47).
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Figure 44. P. astreoides Larvae-associated Microbial Viable Counts. GTA-treatment
resulted in a significant increase in viable CFUs/ml (P<0.001). Gene transfer correlated with this
experiment was not significant.

Figure 45. 45A6::Tn5 GTA-mediated Gene Transfer of Kanamycin/Streptomycin
Resistance to Larvae-associated Microbes. GTA-mediated transfer was significant by
proportion (P<0.001). GTA-treated viable CFUs/ml did not have a significant increase in this
experiment.
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Figure 46. Biofilm and Larvae Associated Microbes. (Left column) The biofilm associated
microbes have less diverse communities when treated with GTAs. (Right column) The larvae
associated microbes also have less diverse communities when treated with GTAs. (Work
performed by Dr. Koty Sharp and Allison Kerwin.)

There was also a statistically significant increase in GTA-treated viable
colonies in relation to the control viable colonies. GTA-treatment resulted in 1.94
× 106 CFUs/ml, whereas the control’s viable colonies had an average of 2.85 ×
105 CFUs/ml (P-value<0.001, Figure 47).
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Figure 47. A) 45A6::Tn5 GTA-mediated Gene Transfer of Kanamycin Resistance to Water
Column-associated Microbes. GTA-mediated gene transfer was significant by proportion
(P<0.001). B) Water Column-associated Microbial Viable Counts. GTA-treated viable
CFUs/ml were significantly higher than the control viable CFUs/ml (P<0.001). Experiments from
figures A and B were conducted simultaneously.
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DISCUSSION:
The comparison between epifluorescent microscopic and flow cytometric
GTA counts revealed less variability between the true and pseudo replicates from
the flow cytometric counts. Both methods were utilized to assess putative GTA
production for six isolates. One of the other major differences between the two
methods in comparing five of the six isolates was a higher average GTA
concentration estimate obtained from the flow cytometric counts, often by an
order of magnitude. Another difference between the methods for four of the six
isolates was an earlier peak day of viral production from the flow cytometric
counts when compared to epifluorescent microscopy counts. Two isolates
revealed the same day of peak viral production as well as viral abundances
within the same order of magnitude from both methods. The most common peak
hour of maximum putative GTA production for the 12 isolates investigated were
hours 72 and 96 according to the flow cytometric counts. These times of peak
production are in all cases after attainment of stationary phase of cell growth, a
trademark of GTA production. The variation in results from the two
methodologies could be a result of several factors. Human error and insufficient
mixing or diluting could have played a role in the larger standard deviations from
the epifluorescent microscopic counts. Standard deviations and the larger viral
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particle abundances from the flow cytometric counts could result from human
error, background noise in the data acquisition plots generated by particle debris
or potentially greater sensitivity of the flow cytometer.
GTAs in the alpha proteobacteria isolates were verified using several
methods. Results from these methods were supportive pieces of verification,
particularly in the model isolate Ruegeria mobilis used in this study. The PCR
amplification of the GTA terminase gene in the 12 isolates indicates that they
contain GTAs. Further corroboration is shown by the comparable size of the
GTA terminase PCR products to the positive control, Roseovarius nubinhibens.
R. nubinhibens is an alpha proteobacteria that has been entirely sequenced and
contains an identified GTA, including a terminase gene [71]. Ruegeria mobilis
(45A6) was also sequenced, yet not assembled, and both a putative prophage
and a partial GTA sequence were found within the isolate’s genome.
The putative prophage contained typical prophage genes, including a C5
DNA methylase, helicase, primase, integrase, lysogenic, and lytic genes. The
putative GTA and nearby host genes consist of a ribotide isomerase, terminase
large subunit, GTA capsid protein, ORF 12, a hypothetical host specificity gene
(ORF 15), and serine O-acetyltransferase. The terminase, capsid protein, ORF
12, and ORF 15 are genes known to encode for GTAs [41]. Serine Oacetyltransferase is commonly the first host protein downstream of a GTA, an
indication of GTAs’ vertical inheritance [21]. Ribotide isomerase, or
phosphoribosylformimino-5- aminoimidazole carboxamide ribotide isomerase
(hisA), is an enzyme involved in histidine biosynthesis [135].
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Histidyl-aspartyl

proteins cckA and ctrA have been observed to activate the transcription of GTA
structural genes and control GTA production in stationary phase [44,58]. Histidyl
is an amino acid residue of histidine, leading to the possible deduction that the
ribotide isomerase associated with the putative 45A6 GTA could account for the
activation of GTA gene expression and GTA production.
The 45A6 genome also contains chemotaxis, flagellar, and pilis assembly
genes. The same signaling genes that encode for the cckA and ctrA proteins
have been determined to be associated with flagellar gene transcription
regulation in R. capsulatus, the model GTA host [44,58]. This further suggests
that these proteins could be present in isolate 45A6. Moreover, recent studies by
Geng and Belas describe the fimbri, pili, motility, and chemotaxis genes that
alpha proteobacteria have that allow them to discover and adhere to a
zooxanthellate host [108].
The duplicate prophage induction experiments further verify the dual
existence of an inducible prophage and a GTA within isolate 45A6. Alpha
proteobacteria are not restricted to containing only a GTA, yet when both a
prophage and a GTA exist, only the GTA demonstrated viral-mediated genetic
transfer experimentally. It has been documented that R. nubinhibens also
contains both a GTA and an inducible phage, however no gene transfer activity
has occurred from purified prophages of this isolate [71,136]. These findings
could suggest that when faced with two options for gene transfer, the host
bacterium packages its own DNA via GTAs as to avoid prophage induction and
retain its viability. Although the 45A6 prophage DNA gel image revealed putative
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GTA DNA as well, 45A6 prophage induction resulted in an increase in prophage
concentration, not in GTA concentration. The 45A6 GTAs are produced
spontaneously in stationary phase and appear to not be inducible with Mitomycin
C, which is a common trait of GTAs and GTA-like particles. The only known
exception is the GTA-like particle VSH-1 [73]. Further studies on potential gene
transfer via prophages by 45A6 and other GTA-containing alpha proteobacteria
need to be performed.
The purified GTA DNA from both the 45A6 wild-type and mutant were
comparable in size, 1035 bp and 945 bp respectively. The 45A6 prophage DNA
was approximately 17635 bp in size based on the gel image, yet another piece of
evidence confirming that the spontaneously produced particles are GTAs rather
than prophages. The typical prophage ranges in size from 20-600 kb,
categorizing the 45A6 prophage as approximate to that range [45,46]. The 45A6
GTA is smaller than most documented GTAs, which typically range in size from
13-16 kb [40,41,45]. The image of the tailed 45A6 GTAs from TEM demonstrate
their small size with heads less than 50 nm in diameter. Although small, the
45A6 GTA is capable of packaging random fragments of the Tn5-containing host.
After piecing the evidence together, the combination of GTA verification in
isolate 45A6 and the successful transformation of this isolate with the Tn5
transposon allowed for the study of 45A6 GTA-mediated gene transfer. Gene
transfer experiments via filter matings were conducted to observe the potential
transfer capabilities of 45A6::Tn5 GTAs. Within the total of 37 MOIs via liquid
mating, 46% of the transfer frequencies from these treatments were statistically
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significant. The range of transfer frequencies from these significant experiments
is from 4.89 × 10-5 (Kan/Strep) to 1.60 (Kan) with an average transfer frequency
of 2.92 × 10-1. These frequencies are exceedingly higher than transduction
frequencies of 1.58 × 10-8 to 3.7 × 10-8 thus far recorded [9]. Data analyses were
performed to determine what causes GTA-mediated gene transfer frequencies to
be significantly higher than spontaneously antibiotic resistant frequencies. There
was no correlation between any of the measured parameters from each
environmental liquid mating when both significant and insignificant treatments
were analyzed together.
However, analysis of the statistically significant experiments revealed
several trends. Of the environmental parameters analyzed, spontaneously
kanamycin resistant frequency, salinity, and temperature were all inversely
correlated to GTA-mediated frequency as well as to percent change [(GTAtreated CFUs/ml-spontaneous CFUs/ml)/(spontaneous CFUs/ml)*100]. The
salinity range for all of the significant gene transfer experiments was 26-39 and
the temperatures ranged from 16-36°C. One suggestion from these results is
that more gene transfer, including higher percentage change in antibiotic
resistance occurs when there is less natural antibiotic resistance. The salinity
and temperature correlations suggest that more gene transfer measured as both
frequency and percentage change occur in less saline conditions as well as in
cooler conditions. The parameter of MOI was positively correlated to GTAmediated frequency, which can also be observed by linear regressions positively
correlating MOI to kanamycin resistant CFUs/ml from a few experiments. MOIs
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from all significant experiments ranged from 3 × 10-5 to 77.2. This result simply
suggests that more gene transfer occurs with a higher MOI. A study on R.
nubinhibens GTA-mediated gene transfer resulted in similar results with the
exception of a positive correlation between increasing gene transfer frequency
and salinity [137]. This contradictory result proposes that further comparative
studies need to be conducted with GTAs from different isolates in a range of
salinities. Further studies also need to be performed with more seawater
samples to confirm these suggestions and more parameters, such as microbial
community composition, need to be analyzed.
Modeling by step-wise regression indicates that the combined parameters
most explanatory of increasing gene transfer frequency were the combined
factors of decreasing salinity, decreasing temperature, decreasing spontaneous
kanamycin resistant frequency, increasing MOI, and an increasing GTA
concentration. These results imply that higher gene transfer frequency is
associated with the combined circumstances of less saline conditions, lower
temperatures, fewer naturally antibiotic resistant microbes, and a higher
abundance of GTA particles to cells.
Verification of gene transfer was not always obtainable due to non-specific
amplification using the kanamycin resistance gene as well as inconsistent
amplification of the target gene streptomycin phosphotransferase (streptomycin
kinase) and the inconsistent alignment of transfer recipients’ sequenced
products to the target. Several theories could explain these results.
Transferrants that did not amplify for the target may have only acquired the
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kanamycin resistance gene from the GTAs. It is possible that GTAs are not
packaging the entire Tn5 transposon, but rather random pieces of it. This
suggests that only a subset of the total Tn5 recipients were being detected.
Conversely, GTAs could be packaging the complete marker, but during the
process of transfer the recipient receives a mutated version with an incorrect
sequence. Tn5StrepK primers were designed to target a gene not selected for
during experiments. Streptomycin alone was not used as selective pressure
because many organisms cannot synthesize resistance to this antibiotic. In the
case of insignificant gene transfer frequencies or transfer frequencies lower than
spontaneously antibiotic resistant frequencies, GTAs may have been
transferring host genes other than the Tn5 insert.
The primers designed in this study targeting the kanamycin active site
(nptII) were not adequately specific. Utilizing primers to target the kanamycin
active site would be optimal, however the kanamycin resistance gene is very
analogous to other widespread enzymes in nature. There is always some level
of indigenous antibiotic resistance. A portion of microbes in nature contain
conserved transposons similar to Tn5 with antibiotic resistance. There is a vast
abundance of antibiotic resistant bacteria in aquatic and marine environments
[138]. Resistant bacteria are consequential of the widespread use of antibiotics
by humans in addition to resistant strains having the capability to exchange
antibiotic resistance contained in plasmids [138]. Bacteria in the environment
can transfer antibiotic resistance primarily by conjugation to indigenous
microbes, including resistance to streptomycin [138,139,140]. Numerous
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studies have documented that natural waters which are polluted or exposed to
waste or sewage have higher concentrations of antibiotic resistant bacteria
[138,139,140,141,142,143,144]. The Tampa Bay area consists of numerous
sewage treatment facilities, hospitals, and power plants as well as cruise ships,
barges, and tugboats that are likely indirect contributors to antibiotic resistance
exchange in microbes.
Future studies should be conducted with optimal primers as well as the
insertion, transfer, and verification of another plasmid, transposon, or
chromosomal marker containing atypical characteristics to the indigenous
microbial community. Work is in progress to construct a GTA donor strain
containing a green fluorescent protein (GFP) marker, which would be much
easier to verify than an antibiotic resistance gene. The 16S identities of the
gene transfer recipients from the natural environment in this study propose that
gene transfer is not limited within a class of bacteria. These results allow for
future gene transfer studies with those bacteria of orders Flavobacteriales,
Cytophagales, and Actinomycetales. Studies should also be performed to
identify GTA-containing bacteria in natural marine coastal populations by
verifying expression of GTA genes.
After successful GTA-mediated gene transfer was observed in this study,
the theory that gene transfer by GTAs could serve as a beneficial application
such as environmental gene therapy was proposed. One such potential
application was to observe the effect of GTAs on coral larval settlement. The
inspiration for this study was the established successive association of GTAs,
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alpha proteobacteria, zooxanthellae and corals [88,90]. Biofilm-accumulated
glass slides were an important factor in these experiments, as biofilms or
crustose coralline algae (CCA) are essential for coral larval settlement [119,121].
CCAs consist of a complex and diverse microbial community inhabited by
bacteria, microalgae, and diatoms [121]. The one insignificant P. astreoides
settlement experiment that was unaffected by GTAs had utilized young biofilms
(one week old) that may have been insufficient settling surfaces. These biofilms
did not have adequate growth for developing microbial density and diversity.
Another factor that could have contributed to insignificant settlement was the use
of larvae that were a few days old. Larvae senescence could have occurred
before experimentation and the opportunity for settlement may have passed.
The microbial communities of the biofilms from the significant experiments
were not characterized, however bacteria, diatoms, and CCAs were presumed
members and were observed as present when the developed slides were
observed under a dissecting microscope. These biofilms were accumulating for
two to three weeks. A study by Webster et al. demonstrated that metamorphic
and settlement cues are not necessarily associated with bacterial density.
Specific microbial species in biofilms that colonize after two weeks with or without
the presence of CCA are a more probable stimulator of these cues [121]. The
larvae used in these significant experiments were less than 24 hours old.
The results from the various treatments in the settling experiments led to
several conclusions. The sole presence of viral particles, in general, does not
seem to be a function of larval settlement, based on the treatments with phages
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and concentrated viral particles from a natural viral assemblage from Tampa
Bay. Results imply that settlement appears to be GTA specific, and not simply
related to physical viral characteristics. The requirement of biological activity of
the GTAs for increased larval settlement was clear as a result of the treatments
with inactivated GTAs. The process of larval settlement seems to have a need
for bacterial protein synthesis due to the lack of increased settlement when
incubation with GTAs was combined with the protein synthesis inhibitor
chloramphenicol. Similarly, some requirement for photosynthesis is also
indicated due to the inhibition displayed by DCMU. Abolition of increased
settlement with both inhibitors implies some sort of gene expression must occur
after GTA treatment.
GTA-mediated gene transfer experiments were performed with the
objective being to determine which component of the coral holobiont was acting
as recipient for genes transferred by GTAs. It was hypothesized that genes may
be transferred to microbes attached to or within the larvae, biofilm microbes, or
microbes residing in the water column where the larvae are present. These
experiments were conducted in parallel with two of the coral settlement
experiments. The results have shown that microbes associated with the larvae
and the water column have the potential to be the GTA-delivered gene recipient.
Results have shown that GTAs are also affecting the coral-associated microbes
even when transfer of antibiotic resistance genes is not observed. This is
demonstrated by increased viable ambient colony abundance in the GTA-treated
samples. Bacteria from the indigenous coral reef environment are not familiar
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with the high nutrient content contained in the nutrient media used for bacteria
cultivation. An increased viable ambient colony abundance in the GTA-treated
samples (not selected for antibiotic resistance) may be attributed to the transfer
of high nutrient tolerance genes or growth enhancing genes. The GTA-treated
samples also have less diverse microbial communities, suggesting that only
certain bacteria can receive these genes. Further studies need to be conducted
to determine which member of the multipartite symbiotic relationship (bacteria,
zooxanthellae, and/or coral) has genes being affected by the GTAs. Studies also
need to be performed to detect GTA-packaged host genes in bacteria associated
with the biofilm, the zooxanthellae or the larvae. The observation of viable
ambient colony growth when treated with GTAs while conducting gene transfer
experiments with coral microbial symbionts initiated the studies to ascertain if
there is differential gene expression in the larval associated or biofilm associated
microbial communities. Results of these experiments are pending.
In conclusion, not only do bacteria break down environmentally important
compounds such as DMSP and synthesize metabolically important nutrients and
antimicrobials [82,100,106,107,108], this study has demonstrated that GTAs from
alpha proteobacteria can stimulate coral larval settlement. As coral larval
recruitment is a major problem affecting reef ecosystems, this system provides a
valid model for examining potential benefits of GTAs in specific marine
environments world-wide.
This entire study has demonstrated GTA-mediated gene transfer in
different environments at different rates. GTA-mediated gene exchange is much
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higher than any other mode of horizontal gene transfer and it has been
established that these genes can be exchanged between bacterial taxa. GTAs
can have an impact on coral larval settlement mechanisms that are not yet
completely understood. GTAs have been documented to be genetic escape
pods that can ensure gene survival in dying host cells and can contribute to the
modes of horizontal gene transfer and the evolution of microbial communities [1].
Furthermore, due to documented effects on coral biology, GTA-mediated
beneficial gene exchange may be an important driver in adaptation to an evolving
planet.
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